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As in many areas of medicine, treatment of viral hepatitis has seen an acceleration of 
change driven by new therapies and evolving technology. Thanks to the direct-acting 
antiviral agents (DAAs), the era of HCV eradication and cure has begun. As regards 
to hepatitis B therapy, potent antiviral drugs for suppression of viral replication are 
available, new research activities to enhance eradication are visible, and these may 
influence clinical practice in the coming years. This book covers the latest advances 

in hepatitis C and hepatitis B therapeutics as well as the emerging and investigational 
treatment strategies. “Advances in Treatment of Hepatitis C and Hepatitis B” book is 
an up-to-date source of information for physicians, residents, and advanced medical 
students seeking a broader understanding of treatment of viral hepatitis. The authors 
of the chapters come from many eminent centers around the world and are experts in 

their respective fields.
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Preface

One of the greatest breakthroughs in medicine is our current capability to cure nearly everyone
with chronic hepatitis C virus infection. With the emergence of direct-acting antiviral agents,
hepatitis C virus infection has entered a new era. On the other hand, hepatitis B viral replication
can be suppressed by potent antiviral drugs, but strategies to enhance the eradication rates of
HBV infection are still needed on the horizon. Treatment of viral hepatitis is a rapidly evolving
field that will continue to grow and maintain excitement over the next few years.

“Advances in Treatment of Hepatitis C and Hepatitis B" book is divided into two parts. The first
part provides a comprehensive overview on the current state of knowledge and latest advan‐
ces in hepatitis C and hepatitis B therapeutics. The chapters include management in special
conditions during pregnancy and in kidney transplantation. The second part attempts to pro‐
vide a conceptual framework of emerging and investigational treatment strategies.

This book is addressed to researchers, practicing physicians in hepatology, medical students,
residents, and fellows seeking a broader understanding of updates in the treatment of viral
hepatitis. The authors are bright internationally renowned experts from four continents across
the globe (Africa, Asia, Europe, and the United States of America). We sincerely thank the
authors for their time and expertise, and we hope the readers find their chapters useful.

I am also grateful to all my seniors and colleagues at the National Liver Institute whose zeal
and dedication make the institute a vibrant, exciting place to work at.

Finally, I dedicate this book to the soul of my father, Dr. Allam, who always invested a great
deal of love in supporting my work. He was excited about this book project but did not live
to witness its emergence. I also acknowledge my wonderful husband, Prof. Hesham Abdel‐
dayem, for his love, encouragement, and support.

Naglaa Allam
National Liver Institute,

Menoufia University,
Egypt
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Introductory Chapter: Treatment of Viral Hepatitis - 
Current Challenges and Future Perspectives

Naglaa Allam and Imam Waked

Additional information is available at the end of the chapter

1. Hepatitis C therapy

Cure of hepatitis C has come true!

Clinical care for patients with hepatitis C (HCV) has advanced remarkably during the last two 
decades, as a result of better understanding of the pathophysiology of the disease, and because of 
developments in diagnostic procedures and improvements in therapy and prevention. With the 
introduction of genotype 1 effective directly acting antiviral agents (DAAs) in 2011, the manage‐
ment of HCV infection started to change. By 2013, second-generation pangenotypic DAAs became 
available, and the biggest problem was solved: interferon (IFN) became no longer necessary.

Unlike IFN regimens, which rely on upregulating the patients’ own immune system, these 
DAAs block different stages of viral replication. There are four major groups of DAAs namely: 
NS5B nucleotide inhibitors, NS5B nonnucleoside inhibitors, NS5A replication complex inhibi‐
tors, and NS3/4A protease inhibitors [1]. Specific treatment regimens vary, depending on fac‐
tors such as HCV genotype, and may include multiple drugs [2]. Multiple regimens have been 
approved and several new regimens with high potencies, less resistance, and better safety pro‐
file are in the process of approval. Prof. Kamal elegantly describes them in detail in Chapter 2.

Sustained virological response (SVR) rates achieved in phase III clinical trials generally 
exceeded 90% (although real-world rates may be lower) along with reduction in treatment 
duration to 12 weeks or less and with fewer adverse events. An SVR is generally associated 
with normalization of liver enzymes and amelioration or disappearance of liver necroinflam‐
mation and fibrosis in noncirrhotic patients [3]. The use of DAAs in patients with cirrhosis, 
as discussed in Chapter 4, has also shown excellent results with good safety profile. SVR also 
improves HCV-induced portal hypertension [4]. DAAs have also begun to change the land‐
scape of management of the HCV transplant candidate on the waiting list. Prof. Al-Hamoudi 
provides an update on this in Chapter 5. Even patients with HCV infection and advanced 
kidney disease now have alternative treatment options.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Thus, the era of HCV eradication and cure has begun. And in 2017, hepatologists can treat all 
patients irrespective of fibrosis score—but the job is not over yet. Real-world experience has 
revealed several challenges and unmet needs!

1.1. Challenges:

(a) Limited or absent access to therapy in the majority of infected patients

Unfortunately, the very high cost of the new DAA drugs is creating a barrier for introduc‐
tion of treatment in most limited resource settings and may prove an obstacle on the path 
for elimination of HCV infection worldwide. Of course, successful treatment should prevent 
many late HCV complications, but even if treatment actually proves cost saving in the long 
run, it is too expensive and infeasible to treat all patients immediately [5].

Hence hepatitis C treatment prioritization, as the European Association for the Study of the 
Liver states, is necessary when resources are limited [6]. However, new data suggest that this 
approach may be suboptimal, if not carefully executed. Treatment prioritization is complex 
and may not be fair. Treating first those with the most need makes sense. But, those who need 
it most may also be those who benefit the least because of issues as extensive liver damage, 
comorbid illness, older age, or have already developed hepatocellular carcinoma? Targeting 
populations with high HCV prevalence like drug users, prisoners, and migrants also makes 
sense since they are most likely to spread infection to others. But, those most likely to transmit 
to others often have low disease stage. Besides they are most likely to abrogate the personal 
benefits of treatment by being reinfected. Treating those who have the most symptoms also 
makes sense, but unfortunately symptoms do not always improve with cure. And there is 
another major issue: who should decide whom to prioritize? [7]. Health care providers often 
impose socioeconomic and racial biases when prioritizing treatments [8]. Moreover, health 
care providers prefer not to be the barrier between patients and life‐saving therapies.

While not all patients require immediate treatment, an ideal strategy should treat patients before 
they progress toward end-stage liver disease when even highly effective treatments can confer 
only marginal benefit. In response, many countries have instituted coverage policies that autho‐
rize treatment only for the advanced patients, putting off therapy for less severely ill patients [5].

Aggressive action is warranted to see progress toward HCV elimination. Only if we use effica-
cious therapy in a significant proportion of patients will we significantly decrease the burden of 
the disease. So efforts should be made to make DAAs cost effective in all clinical scenarios 
and accessible to all patients. In places like Egypt and India, generic versions of the DAAs 
sofosbuvir and daclatasvir are being mass produced for <1% of the current US retail price and 
are available for a higher proportion of patients.

Another solution to reduce treatment cost is by shortening the duration of treatment without 
affecting efficacy. A study in China demonstrated 100% SVR with triple DAAs for only 3 weeks 
if the patient without cirrhosis achieved ultra-rapid virological response (HCV-RNA < 500 IU 
48 hours after starting treatment) [9]. By shortening the duration of therapy from the currently 

Advances in Treatment of Hepatitis C and B4



Thus, the era of HCV eradication and cure has begun. And in 2017, hepatologists can treat all 
patients irrespective of fibrosis score—but the job is not over yet. Real-world experience has 
revealed several challenges and unmet needs!

1.1. Challenges:

(a) Limited or absent access to therapy in the majority of infected patients

Unfortunately, the very high cost of the new DAA drugs is creating a barrier for introduc‐
tion of treatment in most limited resource settings and may prove an obstacle on the path 
for elimination of HCV infection worldwide. Of course, successful treatment should prevent 
many late HCV complications, but even if treatment actually proves cost saving in the long 
run, it is too expensive and infeasible to treat all patients immediately [5].

Hence hepatitis C treatment prioritization, as the European Association for the Study of the 
Liver states, is necessary when resources are limited [6]. However, new data suggest that this 
approach may be suboptimal, if not carefully executed. Treatment prioritization is complex 
and may not be fair. Treating first those with the most need makes sense. But, those who need 
it most may also be those who benefit the least because of issues as extensive liver damage, 
comorbid illness, older age, or have already developed hepatocellular carcinoma? Targeting 
populations with high HCV prevalence like drug users, prisoners, and migrants also makes 
sense since they are most likely to spread infection to others. But, those most likely to transmit 
to others often have low disease stage. Besides they are most likely to abrogate the personal 
benefits of treatment by being reinfected. Treating those who have the most symptoms also 
makes sense, but unfortunately symptoms do not always improve with cure. And there is 
another major issue: who should decide whom to prioritize? [7]. Health care providers often 
impose socioeconomic and racial biases when prioritizing treatments [8]. Moreover, health 
care providers prefer not to be the barrier between patients and life‐saving therapies.

While not all patients require immediate treatment, an ideal strategy should treat patients before 
they progress toward end-stage liver disease when even highly effective treatments can confer 
only marginal benefit. In response, many countries have instituted coverage policies that autho‐
rize treatment only for the advanced patients, putting off therapy for less severely ill patients [5].

Aggressive action is warranted to see progress toward HCV elimination. Only if we use effica-
cious therapy in a significant proportion of patients will we significantly decrease the burden of 
the disease. So efforts should be made to make DAAs cost effective in all clinical scenarios 
and accessible to all patients. In places like Egypt and India, generic versions of the DAAs 
sofosbuvir and daclatasvir are being mass produced for <1% of the current US retail price and 
are available for a higher proportion of patients.

Another solution to reduce treatment cost is by shortening the duration of treatment without 
affecting efficacy. A study in China demonstrated 100% SVR with triple DAAs for only 3 weeks 
if the patient without cirrhosis achieved ultra-rapid virological response (HCV-RNA < 500 IU 
48 hours after starting treatment) [9]. By shortening the duration of therapy from the currently 

Advances in Treatment of Hepatitis C and B4

 recommended 12 to 3 weeks, the cost of therapy could be markedly reduced as well as the rate 
of adverse events. Large clinical trials should further study the application of this response‐
guided treatment approach in patients with different ethnic backgrounds and with different 
genotypes.

(b) Emergence of drug resistance and DAA failure

Despite improved SVR rates with DAA-based combination regimens, treatment fails to erad‐
icate HCV infection in 5–15%, dependening on the treatment regimen and treated popula‐
tion. Treatment failure is generally associated with the selection of HCV resistant-associated 
substitution (RAS) (or resistant-associated variant (RAV)), that is, viral molecular substitu‐
tions or variants that have reduced susceptibility to the DAA(s) administered. NS5A inhib‐
itors have a low barrier to resistance, and the variants they select confer cross‐resistance 
across all members of the drug class. Thus, NS5A resistance currently appears as the prin‐
cipal challenge of IFN-free, DAA-based therapy and they tend to persist for several years 
after treatment failure. In contrast, RASs selected by NS3/4A protease inhibitors persist for 
a much shorter time and are progressively replaced by wild‐type virus within a few months 
posttherapy. Additionally, RASs selected by the NS5B polymerase inhibitor sofosbuvir have 
poor viral fitness; thus, they rarely emerge in the presence of the drug and tend to rapidly 
disappear if selected [10]. The utility of HCV resistance testing, i.e., the determination of the 
sequence of the DAA target region prior to retreatment in patients who failed on any of the 
DAA-containing regimens is unknown. Chapter 6 summarizes the retreatment in case of 
drug failures.

(c) HCV eradication and the risk of hepatocellular carcinoma (HCC): issues with direct 
acting antiviral (DAA) therapy?

Several recent publications raise concerns about unexpected high rate of HCC recurrence 
after undergoing direct‐acting antiviral therapy. Reig et al. showed early tumor “recurrence” 
in patients with HCV-related hepatocellular carcinoma (HCC) [11]. Conti et al. showed that 
in patients with HCV-related cirrhosis, DAA-induced resolution of HCV infection does not 
reduce recurrence of HCC, and patients previously treated for HCC have still a high risk of 
tumor recurrence, in the short term [12]. Kozbial et al. showed an unexpected high “occur‐
rence” in patients with advanced liver diseases after SVR [13].

In contrast, Cheung et al. found that DAA therapy in patients with decompensated cirrhosis led 
to sustained improvement in liver function, with no evidence of increase in HCC development 
in Chinese patients [14]. Also, the French ANRS study analyzed more than 6000 DAA-treated 
patients who underwent curative therapies for HCC and they found no increased risk of HCC [15].

Altogether these studies convey a strong message that great attention is needed to address 
the issue of HCC recurrence/occurrence. There is an urgent need for large prospective stud‐
ies evaluating the impact of DAA therapy on the risk of HCC in patients with HCV-related 
cirrhosis. For the time being, the risk of HCC development justifies HCC screening after viral 
clearance in patients with HCV‐related cirrhosis.

Introductory Chapter: Treatment of Viral Hepatitis - Current Challenges and Future Perspectives
http://dx.doi.org/10.5772/67420
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(d) There is no vaccine yet. Is a prophylactic vaccine still necessary?

Obviously, therapy is not enough to surmount the burden of HCV. Is it technically possible 
to have vaccine? If HCV vaccines are available in the future, then vaccination program in 
high‐risk populations would probably have a great impact on preventing and eradicating 
HCV infection. An experimental protective vaccine, as shown in Chapter 14, demonstrated 
promise in preliminary human safety trials, and a phase II clinical trial is under way to further 
determine the efficacy of the vaccine.

1.2. Future perspectives:

Therefore, although the DAAs have opened up new horizons for HCV cure, challenges per‐
sist in the real-world setting. It is becoming clear that developing therapeutic strategies with 
different modes of action would be necessary to address the various limitations of current 
DAAs. Third generation pangenotypic antivirals are currently in final phases of development: 
voxilaprevir [16], glecaprevir [17] (both NS3/NS4 protease inhibitors) and pibrentasvir (NS5A 
inhibitor) [17]. Antivirals with alternate mechanism of action, such as by restricting viral entry 
or cell-to-cell spread could help expand the scope of antiviral strategies for the management 
of hepatitis C. Chapters 14 and 15 describe some of the new paradigms in antiviral strategies 
to preclude HCV entry, such as through monoclonal antibodies and small molecules.

With these strategies, it is foreseeable, in a not too distant future, that they will help provide 
a better management of hepatitis C.

2. Hepatitis B therapy

An overview of the six currently approved treatments is presented in Chapter 7. The advent 
of anti‐HBV treatment drugs has made significant progress in improving the health and life 
expectancy of patients with HBV.

But there is no cure for Hepatitis B till now!

Chronic hepatitis B remains a difficult to treat disease because at this time no treatment pro‐
vides both an optimal virological and immunological control. There is a high rate of relapse 
following any antiviral therapy. In addition, there are no approved therapy stopping rules, 
especially in HBeAg negative patients treated with nucleoside and nucleotide analogs. An 
early stopping rule using the combination of serum HBsAg and HBV DNA was proposed and 
is discussed in Chapter 9.

While there have been significant advances in the management of hepatitis B with available 
nucleos(t)ide analogues, there remains much work to be done to prevent HCC. Viral suppres‐
sion alone has proven not effective for the absolute prevention of HCC.

Additionally, the required long-term therapy imposes not only financial burden but also may 
put patients at risk for potential drug resistance and unknown toxicity. Therefore, more effec‐
tive treatment regimens aiming for HBV cure are urgently needed. New investigational thera‐
pies are in the pipeline as discussed in Chapter 17. With multiple new therapies in the pipeline, 
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the future of treating hepatitis B is an exciting one, and there is hope that it will become a 
disease of the past but this will not be too soon! The new therapy will not be available soon.

Another challenge is a demand for screening pregnant females and newborns for HBV. 
Pregnancy screening for HBV is very defective in most countries; it is not practiced except 
on individual basis. Chapter 10 reviews current management strategies for hepatitis B in the 
pregnancy and the postpartum.

Conclusion

So, in conclusion, the highly effective and well-tolerated direct-acting antiviral drugs (DAAs) 
for the treatment of the hepatitis C virus have revolutionized therapy for HCV. Several novel 
therapeutic strategies for each of HBV and HCV are under development. But until the devel‐
oping antiviral strategies are available, there is much more that can be done.

The public health burden posed by viral hepatitis should be recognized as a priority. The 
leading professional organizations in liver disease, the American Association for the Study of 
Liver Diseases (AASLD), the European Association for the Study of the Liver (EASL), and the 
Asian Pacific Association for the Study of the Liver (APASL) urge governments, health care 
organizations, and nongovernmental organizations to adopt recommendations for immuni‐
zation, screening, diagnosis and treatment and to make them available and affordable for 
public health programs [18].

Overall, the achievements and improvements in the field of HCV and HBV care predict that 
the future of HCV and HBV therapeutics is becoming brighter every day.
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Abstract

Hepatitis C infection (HCV) is a major cause of chronic hepatitis and cirrhosis world-
wide. Interferon-based regimen has been the sole therapy to eradicate HCV infection for 
decades. However, this interferon and ribavirin combination is associated with several 
serious adverse events and the sustained virologic response rate was suboptimal. The 
recent discovery of oral direct-acting antiviral agents (DAAs) heralded a revolution in 
the treatment of chronic HCV. This breakthrough in HCV resulted in high rates of HCV 
eradication with sustained virologic response rates ranging between 90 and 100% across 
different genotypes. New therapies were administered orally for 12 or 24 months and this 
resulted in better compliance and few adverse events. DAAs are categorized into four 
major groups namely: NS5B nucleotide inhibitors, NS5B nonnucleoside inhibitors, NS5A 
replication complex inhibitors, and NS3/4A protease inhibitors (PI). Several interferon-
free regimens have been approved and adequately assessed and several new regimens 
with high potencies, less cross-resistance, and better safety profile are in the process of 
approval. Thus, the era of HCV eradication and cure has begun.

Keywords: hepatitis C, direct-acting antivirals, interferon-free regimen

1. Introduction

Hepatitis C virus (HCV) is a major cause of liver cirrhosis, end-stage liver disease, and liver 
transplantation throughout the world [1]. Approximately 170–200 million people equating to 
3% of the world’s population are infected with HCV [2]. The prevalence of HCV varies in dif-
ferent geographic regions. The prevalence of HCV infection is greater in Africa and Asia, with 
infection rates exceeding 5% [3–5]. Egypt has the highest prevalence of hepatitis C in the world, 
with 15% of the population affected [6–8]. In the USA, nearly 2% of the population is infected 
[9, 10]. In Europe, the prevalence ranges from 0.1% in northern European countries and 1% in 
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countries on the Mediterranean [10, 11]. The immigration crisis may increase HCV prevalence 
in Europe given that immigrants originate from countries with high rates of HCV [12].

2. Natural history and outcome of HCV infection

Acute HCV infection is mostly asymptomatic and rarely recognized clinically. Spontaneous 
viral clearance (SVC) occurs in approximately 25% of patients [13, 14]. The striking feature 
of HCV infection is its tendency to persist and evolve to chronic hepatitis. In some patients, 
chronic HCV progresses to liver cirrhosis and hepatocellular carcinoma (HCC) [14, 15].

The outcome of HCV infection depends largely on several host, viral and environmental fac-
tors. During an early stage, HCV infection triggers viral-associated molecular pattern (PAMP) 
receptors resulting in induction of an antiviral state through several pathways such as limiting 
cellular, modifying and degrading viral RNA, altering cellular vesicle trafficking and probably 
other not yet discovered antiviral mechanisms [15–17]. Clearance of HCV is associated with the 
development of robust and multispecific CD4+ and CD8+T-cell responses in blood and liver that 
can be maintained for years after recovery from acute disease [18–20]. In contrast, individuals 
who progress to chronic infection fail to mount such a response or may have inadequate pro-
duction of the cytokines essential to control viral replication. Incomplete control of viral repli-
cation by CD8+ T cells in the absence of sufficient memory CD4+T cells leads to viral persistence 
and emergence of CTL escape mutants [21–24].

Acute resolving hepatitis has been shown to be associated with HCV homogeneity, whereas 
progressing hepatitis correlated with genetic diversity, presumably reflecting greater immune 
pressure during acute spontaneous clearance [25]. Polymorphisms of genes involved in innate 
immunity as well as those in genes encoding cytokines and other immunologic mediators 
may explain spontaneous recovery from acute HCV and influence the strength and nature of 
immune defense. Genes encoding the inhibitory NK cell receptor KIR2DL3 and its human leu-
kocyte antigen C group 1 (HLA-C1) ligand influenced spontaneous resolution of HCV infec-
tion suggesting that inhibitory NK cell interactions are critical for antiviral immunity [26, 27].

To date, there are no reliable methods to predict who will resolve acute HCV spontaneously 
and who will develop chronic HCV. Similarly, no reliable indicators exist for distinguishing 
chronic hepatitis C patients who may develop cirrhosis or HCC. Thus, early effective treat-
ment of patients with HCV is necessary for prevention of progression of liver disease to cir-
rhosis, hepatocellular carcinoma. In the absence of a vaccine against HCV, efficient treatment 
is important for prevention of transmission along with adoption of infection control measures.

3. Evolution of HCV therapy

The ultimate goal of hepatitis C treatment is to reduce the occurrence of end-stage liver dis-
ease and its complications including decompensated cirrhosis, liver transplantation, and 
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HCC. Treatment success is assessed by sustained virologic response (SVR), defined undetect-
able HCV RNA in blood several months after completing a course of treatment [28].

For two decades, the standard of care (SOC) for hepatitis C infection was interferon based. 
IFNα has potent antiviral activity due to its ability to induce IFN-stimulated genes (ISGs) 
that encode proteins which inhibit various stages of viral replication [29]. Type I IFNs bind 
a unique ubiquitous heterodimeric receptor consisting of interferon-alpha receptor 1/2 
(IFNAR1/IFNAR2), resulting in the activation of signaling pathways and induction of a large 
number of IFN-stimulated genes (ISGs). ISG-encoded proteins mediate the antiviral and 
other effects of interferons [29]. IFNAR1 and IFNAR2 are associated with the Janus-activated 
kinases (JAKs) tyrosine kinase 2 (TYK2) and JAK1, respectively. Binding of type I IFNs to 
their heterodimeric receptors leads to activation of JAKs, which results in tyrosine phos-
phorylation of signal transducer and activator of transcription 2 (STAT2) and STAT1; STAT1/
STAT2 migrates into the nucleus and associates with the IFN regulatory factor 9 (IRF9) to form 
the STAT1-STAT2-IRF9 complex. This complex then binds IFN-stimulated response elements 
(ISREs) inside DNA to initiate the transcription of hundreds of different ISGs [30, 31]. IFN 
regulatory genes (IRGs) facilitate both clearance of virus from infected cells and protection of 
neighboring uninfected cells from incoming viral progeny. The antiviral-associated protein 
kinase R (PKR) plays an important role in restricting HCV 1a replication through regulating 
the NF-κB pathway [32, 33].

Initially, chronic hepatitis C was treated by conventional interferon (IFN) monotherapy 
which yielded very poor response rates. Addition of the guano sine analog, ribavirin, to 
conventional interferon was associated with slight improvement in sustained virologic 
response (SVR) although the improvement was far from satisfactory particularly in HCV 
genotypes 1 and 4. Pegylation of the interferon molecule resulted in modification of the 
pharmacokinetic profile of IFN-α-2. Both PEG-IFN-α-2a and PEG-IFN-α-2b have slower 
absorption, more reduced distribution and lower elimination rate than the nonpegylated 
IFN-α. The maintained concentrations of PEG-IFNα allowed longer periods of viral inhi-
bition with once a week dosing. Pegylated interferon and ribavirin therapy resulted in 
improved sustained virologic response (SVR), defined as undetectable HCV RNA 24 weeks 
after completion of treatment. With pegylated interferon alpha-2 and ribavirin (RBV) com-
bination, response rates in genotypes 2 and 3 range between 70 and 80%. However, SVR 
rates in chronic HCV genotypes 1 and 4 infection are suboptimal. Adverse events are com-
mon with interferon-based regimen and include fatigue, flu-like symptoms, anxiety, skin 
rash, and gastrointestinal symptoms such as nausea and diarrhea. Hemolytic anemia is 
frequent due to the use of ribavirin. Some patients treated with PEG-IFN and RBV may 
develop cardiac arrhythmias or severe neuropsychiatric adverse events depression and 
suicidal tendency. The various adverse effects, the long duration of therapy and the need 
to inject interferon reduce compliance and treatment adherence. These factors have driven 
the urgent need to develop new treatments that are safer and more effective (Figure 1). The 
discovery of direct-acting antiviral agents (DAAs) heralded the dawn of a new era of HCV 
cure which was a dream.
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4. Direct-acting antiviral agents (DAAs)

Direct-acting antiviral agents (DAAs) represent a revolution in HCV drug discovery. DAAs 
were developed to improve the SVR rates, reduce adverse events, and improve adherence 
to therapy among HCV patients. DAAs were initially introduced as add-ons to the previous 
standard of care (SOC) consisting of pegylated interferon alpha plus ribavirin (PR). Recently, a 
breakthrough in HCV therapy has been achieved with the introduction of interferon-free all-oral 
DAAs, with SVR rates now in excess of 90% after 12 weeks of therapy for genotype 1 patients.

DAAs target specific steps within the HCV life cycle and disrupt viral replication in an attempt 
to terminate that cycle before its completion (Figure 2) [34]. The first step in the life cycle of 
the virus is cell attachment and entry of HCV RNA through hepatocyte surface receptors. 
The HCV RNA is then translated to one polyprotein of 3010 amino acids that is subsequently 
cleaved by protease. It is then processed into four structural proteins (namely Core, E1, E2, 
and P7) as well as the nonstructural proteins (NS2-3 and NS3-4A proteases, NS3 helicase, and 
NS5B RdRp). All of these enzymes are essential for the replication of the virus and are poten-
tial drug discovery targets [35–37].

4.1. Goals of HCV and endpoints of treatment with DAAs

The goal of therapy is to eradicate HCV infection to prevent hepatic cirrhosis, decompen-
sation of cirrhosis, HCC, and severe extrahepatic manifestations. The endpoint of therapy 
is undetectable HCV RNA in blood by a sensitive assay (with the lower limit of detection 
<15 IU/ml) 12 weeks (SVR-12) and/or 24 weeks (SVR-24) after the completion of treatment. 
Undetectable HCV core antigen (HCV c Ag) 12 or 24 weeks after the completion of therapy 
can be an alternative to HCVRNA testing to assess the SVR12 or the SVR24, respectively 
[38]. In patients with advanced fibrosis and cirrhosis, HCV eradication reduces the rate of 

Figure 1. Evolution of HCV therapy.
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decompensation and will reduce, albeit not abolish the risk of HCC. In these patients sur-
veillance for HCC should be continued.

4.2. Classes of DAAs

There are four classes of DAAs, which are defined by their mechanism of action and therapeu-
tic target. DAAs include NS5B nucleotide inhibitors, NS5B nonnucleoside inhibitors, NS5A 
replication complex inhibitors, and NS3/4A protease inhibitors (PI) (Figure 3).

Figure 2. Hepatitis C life cycle and the targets of direct-acting antiviral agents.

Figure 3. Resistance patterns in different direct-acting antiviral agents (DAAs).
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4.2.1. NS3/4A protease inhibitors (PIs)

PIs block the activity NS3/4A serine protease, an enzyme which inhibits TRIF-mediated Toll-
like receptor signaling and Cardif-mediated retinoic acid–inducible gene 1 (RIG-1) signaling 
resulting in impaired induction of interferons and blocking viral elimination [39, 40]. PIs have 
been grouped according to their resistance profile into first- and second-generation agents 
and into separate waves according to dosing, safety, and tolerability characteristics.

4.2.1.1. First-generation PIs

Telaprevir and boceprevir were the first direct-acting antivirals for treatment of HCV and 
represented the first generation of PIs. Telaprevir or boceprevir was used in combination with 
peginterferon and ribavirin for the treatment of genotype 1 [40, 41]. Although telaprevir or 
boceprevir regimen enhanced SVR rates; the clinical efficacy of the triple regimen was lim-
ited by narrow genotype specificity, low barrier to resistance, and drug-drug interactions. 
This regimen also increased adverse events such as rash and moderate to severe anemia to 
an extent that might require the reduction of the RBV dose. Patient adherence and tolerabil-
ity to triple therapy with BOC or TPV is a challenging issue as the two DAAs should be 
given three times daily with food. Triple therapy was not very effective in previous PEG-IFN/
RBV dual therapy, no responders. From an economic perspective, the triple therapy dramati-
cally increased the costs of HCV treatment which are originally prohibitive. Thus, the clinical 
importance of these agents diminished substantially with the discovery of subsequent-gener-
ation protease inhibitors.

4.2.1.2. Second-wave, first-generation protease inhibitors

The second wave of PIs for HCV includes agents such as simeprevir, asunaprevir, danoprevir, 
faldaprevir, and vaniprevir [42, 43]. Simeprevir (Olysio) is a NS3/4A HCV PI. Simeprevir is a 
macrocyclic compound that noncovalently binds to and inhibits the NS3/4A HCV protease, 
a protein that is responsible for cleaving and processing the HCV-encoded polyprotein, a 
critical step in HCV viral life cycle [42, 43]. Simeprevir shows enhanced binding affinity and 
specificity to NS3/4A when compared with the first-generation PIs, TPV, and BOC.

The safety and efficacy of SIM/PEG-IFN/RBV combination was investigated in treatment-
naïve patients with HCV genotype 1 infection (PILLAR trial) [44]. Enrolled patients received 
different SIM doses administered once-daily (QD) with pegylated interferon (Peg-IFN)-α-2a 
and ribavirin (RBV). According to response-guided therapy (RGT) criteria, 79.2–86.1% of 
SMV-treated patients completed treatment by week 24; 85.2–95.6% of these subsequently 
achieved SVR. The safety profile of triple therapy with SIM was found to be comparable to 
that of PEG-IFN/RBV combination therapy [44]. In the QUEST 1 and QUEST 2 studies [45, 
46], conducted on treatment-naïve genotype 1, patients were randomized to receive either 
triple therapy with simeprevir plus PEG-IFN and RBV using a response-guided therapy 
(RGT) approach or standard of care (48 weeks of PEG-IFN and RBV with placebo control). 
SVR12 rates were 81% in the simeprevir arm versus 50% in the control arm. The majority of 
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RBV dual therapy, no responders. From an economic perspective, the triple therapy dramati-
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faldaprevir, and vaniprevir [42, 43]. Simeprevir (Olysio) is a NS3/4A HCV PI. Simeprevir is a 
macrocyclic compound that noncovalently binds to and inhibits the NS3/4A HCV protease, 
a protein that is responsible for cleaving and processing the HCV-encoded polyprotein, a 
critical step in HCV viral life cycle [42, 43]. Simeprevir shows enhanced binding affinity and 
specificity to NS3/4A when compared with the first-generation PIs, TPV, and BOC.

The safety and efficacy of SIM/PEG-IFN/RBV combination was investigated in treatment-
naïve patients with HCV genotype 1 infection (PILLAR trial) [44]. Enrolled patients received 
different SIM doses administered once-daily (QD) with pegylated interferon (Peg-IFN)-α-2a 
and ribavirin (RBV). According to response-guided therapy (RGT) criteria, 79.2–86.1% of 
SMV-treated patients completed treatment by week 24; 85.2–95.6% of these subsequently 
achieved SVR. The safety profile of triple therapy with SIM was found to be comparable to 
that of PEG-IFN/RBV combination therapy [44]. In the QUEST 1 and QUEST 2 studies [45, 
46], conducted on treatment-naïve genotype 1, patients were randomized to receive either 
triple therapy with simeprevir plus PEG-IFN and RBV using a response-guided therapy 
(RGT) approach or standard of care (48 weeks of PEG-IFN and RBV with placebo control). 
SVR12 rates were 81% in the simeprevir arm versus 50% in the control arm. The majority of 
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simeprevir-treated patients met the RGT and received 24 weeks of treatment and 86% of these 
patients achieved an SVR12.

Simeprevir also enhanced SVR in treatment-experienced patients. In the ASPIRE trial [47] 
treatment-experienced patients (with prior failure to PEG/RBV) were randomized to receive 
placebo plus PEG/RBV, or one of six regimens consisting of SMV plus PEG-IFN-α-2a plus 
ribavirin. In the SMV-treated patients, the SVR 24 rates ranged from 61 to 80% (according to 
the regimen used), which was significantly higher than the 23% SVR in patients treated with 
PEG-IFN/RBV. The safety profile observed among patients in the simeprevir arm was similar 
to the safety profile for patients in the placebo arm. These results were supported by those 
of another clinical trial conducted on treatment-experienced HCV genotype 1 patients with a 
history of viral relapse. The overall SVR12 in patients treated with SIM/PEG-IFN/RBV was of 
79% compared to 36% for the peginterferon plus ribavirin arm. Patients with advanced fibro-
sis (F3-F4 by METAVIR) also had superior SVR12 rates with the addition of simeprevir (73% 
SVR12 compared with 24% in control arm) [48].

The efficacy of SIM/PEG-IFN/RBV in treatment-naïve and treatment-experienced patients 
with chronic HCV genotype 4 was evaluated in the RESTORE trial. Overall, 65.4% of the 
patients achieved an SRV12. The SVR12 rates varied with treatment group being 83% in treat-
ment-naïve, 86% in treatment-experienced with prior relapse, 60% in prior partial responders, 
and 40% in prior null responders [49].

These trials showed that simeprevir-based/PEG-IFN/RBV triple therapy was effective, well-
tolerated, and safe. However, the fast-paced HCV drug discovery paved the way to new 
interferon-free combinations which combine efficacy, safety, and convenience. Thus, SMV 
was included with other DAAs such as sofosbuvir to form one of the earliest interferon-free 
combinations (discussed later).

Danoprevir (DNV) is a highly selective and potent second-wave inhibitor of HCV NS3/4A 
protease. Coadministration of 100 mg of ritonavir with DNV has been shown to optimize 
the pharmacokinetics of DNV, allowing for lower dosing and better antiviral activity The 
DAUPHINE trial [50] evaluated three different dosages of DNV/r: 50, 100, and 200 mg dano-
previr, boosted with 100 mg ritonavir, consumed twice a day for 24 weeks. A study arm also 
explored danoprevir/r 100/100 mg, in a response-guided therapy (RGT) algorithm, in which 
patients reaching an RVR received a total of 12 weeks of treatment. Overall, the better SVR rates 
were achieved in higher dosage arms compared to lower dosage arms. SVR rates decreased 
with decreasing dosage of danoprevir/r as follows: 89.1, 78.5, and 69.1% [50]. Faldaprevir was 
evaluated in IFN-free regimen in combination with deleobuvir, an NS5B no nucleoside poly-
merase inhibitor and ribavirin, in HCV-1b patients. The combination was highly efficacious, 
with 95% achieving SVR12 including patients with compensated cirrhosis [51].

Taken together, the second-wave, first-generation protease inhibitors offer several benefits 
over the first-generation PIs, TVR, and BOC in terms of less side effect profile and more con-
venient dosing. However, these preparations still have low genetic barrier to resistance par-
ticularly for HCV-1a.
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4.2.1.3. Second-generation protease inhibitors

Recent second-generation PIs such as the macrocyclic compound grazoprevir offer several 
benefits over earlier protease inhibitors, including fewer drug-drug interactions, improved 
dosing schedules, and less frequent and less severe side effects. Grazoprevir is distinct from 
earlier-generation protease inhibitors in potency against a broader array of HCV genotypes, 
as well as its activity against some of the major resistance-associated variants (R155K and 
D168Y) resulting from failure with first-generation protease inhibitors. Grazoprevir is avail-
able in combination with the NS5A inhibitor elbasvir. Elbasvir/grazoprevir (Zepatier) [52] is 
available as fixed dose tablets (50/100 mg) are prescribed as one tablet orally once daily, with 
or without food. The treatment duration and whether to take with or without ribavirin are 
dependent on genotypes and other patient variables [53].

The C-EDGE treatment-naïve trial assessed the safety and efficacy of the fixed-dose combina-
tion of elbasvir-grazoprevir (50/100 mg) in patients with genotype 1, 4, or 6 hepatitis C infection, 
with or without compensated cirrhosis. The overall SVR12 rate was 95%, with rates of 92% for 
genotype 1a, 99% for genotype 1b, 100% for genotype 4, and 80% for genotype 6. No statistically 
significant difference in SVR12 was found between cirrhotic and noncirrhotic patients [54]. The 
C-EDGE CO-STAR trial enrolled treatment-naïve patients who inject drugs and were infected 
with chronic HCV genotype 1, 4, or 6. In this difficult to treat cohort, the SVR12 were 95% [55].

Treatment-naïve patients with compensated cirrhosis and treatment-experienced patients with 
a prior null response to PEG plus RBV were randomized to receive elbasvir plus grazoprevir, 
with or without ribavirin, for 12 or 18 weeks. The SVR12 rates ranged between 90 and 97% in 
cirrhotics and 94% in null responder cirrhotic patients. The SVR12 was 100% for genotype 1b. 
No additional benefit was achieved by adding ribavirin to elbasvir plus grazoprevir in a subset 
of patients [56]. Treatment-experienced patients with genotype 1 HCV with previous failure of 
peg interferon/ribavirin (PR) and an earlier-generation protease inhibitor (BOC, TPV, or SIM) 
achieved SVR 24 of 96% when treated with elbasvir plus grazoprevir and RBV [57].

In the C-EDGE coinfection trial, patients with chronic hepatitis C genotype 1, 4, or 6 and HIV 
coinfection received elbasvir-grazoprevir once daily for 12 weeks. Patients were on antiretrovi-
ral therapy with HIV viral suppression and the median CD4 cell count was 568 cells/mm3. The 
overall SVR12 rate was 96, with the breakdown by genotype SVR12 rates were 96.5, 95.5, and 
96.4% for genotypes 1a, 1b, and 4, respectively. All cirrhotic patients achieved an SVR12 [58].

Thus, zepatier is active against a broad array of HCV genotypes including genotypes 1, 4, 
6, as well as some of the major resistance-associated variants (R155K and D168Y) resulting 
from failure with first-generation protease inhibitors. Elbasvir/grazoprevir is generally well 
tolerated; however, the adverse effects reported include headache, nausea, fatigue, decreased 
appetite, anemia, pyrexia, and elevations of ALT.

4.2.2. NS5B nucleoside polymerase inhibitors (NPIs)

NS5B is an RNA-dependent RNA polymerase (RdRp) involved in posttranslational process-
ing which is vital for HCV replication. NPIs are analogs of natural substrates that bind the 
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active site of NS5B and terminate viral RNA chain generation. Given that the structure of 
NS5B is highly conserved across all HCV genotypes, NPIs are effective against all genotypes. 
NPIs show high antiviral activities in all genotypes and provide a high genetic barrier to 
resistance. Thus, NPIs are included in several efficacious all-oral combination therapies. 
Polymerase inhibitors are categorized according to their mode of action and specificity into 
NPIs and NNPIs. These two classes generally differ in specificity. Nucleoside inhibitors (NIs) 
bind to the catalytic site of the RNA polymerase causing chain termination. Nonnucleoside 
inhibitors bind to a less conserved site resulting in a conformational change that distorts the 
positioning of residues binding RNA resulting in inhibition of polymerization [59, 60].

4.2.2.1. Sofosbuvir (sovaldi)

Sofosbuvir is a nucleoside analog inhibitor of hepatitis C virus NS5B polymerase. The triphos-
phate form of sofosbuvir mimics the natural cellular uridine nucleotide and is incorporated 
by the HCV RNA polymerase into the elongating RNA primer strand, resulting in viral chain 
termination. Sofosbuvir is a prodrug which is rapidly converted after oral intake to GS-331007 
which is taken up by hepatocytes. The cellular kinases convert GS-331007 to its pharmacologi-
cally active uridine analog 5′-triphosphate form (GS-461203) that is incorporated by the HCV 
RNA polymerase into the elongating RNA primer strand, resulting in chain termination. 
Sofosbuvir is a potent pangenotypic NS5B polymerase inhibitor with a high barrier to resis-
tance. It is available as 400 mg tablets administered once a day with or without food. The dis-
covery of sofosbuvir has been a breakthrough in HCV treatment. Currently, SOF represents 
the backbone of several interferon-free regimens for the treatment of chronic hepatitis caused 
by various HCV genotypes. Excretion of sofosbuvir is through the kidney (80%) [58, 59, 61].

4.2.3. Efficacy of sofosbuvir plus peginterferon and ribavirin

The ATOMIC and ELECTRON (Arms 1-8 studies) [62, 63] established the effectiveness of a 
12-week course of sofosbuvir plus peginterferon and ribavirin in treatment-naïve patients 
with HCVgenotype-1 with SVR rates ranging between 87 and 100%. In genotypes 3, the SVR 
12 rates were 71% with the 16-week SOF plus RBV regimen, 84% with 24 weeks of SOV plus 
RBV, and 93% with 12 weeks of SOF plus RBV plus PEG-IFN. For the patients with genotype 
2 infections, the SVR 12 rates were 87% with the 16-week SOF plus RBV regimen, 100% with 
24 weeks of SOF plus RBV, and 94% with 12 weeks of SOF plus RBV plus PEG-IFN [64].

4.2.4. Efficacy of interferon-free sofosbuvir regimen

4.2.4.1. Sofosbuvir (SOF) and simeprevir (SIM) combination (Olysio)

This combination is the earliest interferon-free regimen that reached optimal results in terms 
of SVR. Trials showed efficacy and safety of this drug combination in treatment-naïve and 
treatment-experienced patients across several genotypes. The OPTIMIST-1 trial evaluated the 
efficacy of sofosbuvir plus simeprevir for 8 or 12 weeks in treatment naive or experienced 
patients with chronic HCV genotype 1 infection without cirrhosis. The sustained response 
rates were 97% in patients treated for 12 weeks and the SVR was 83% in patients treated for 8 
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weeks. These findings were further confirmed in the OPTIMIST-2 trial which demonstrated 
that 12-week regimen of SOF plus SIM is effective in treatment-naïve and treatment-experi-
enced patients with cirrhosis and HCV genotype 1 infection, with the exception that patients 
with genotype 1a and the baseline Q80K mutation have SVR rates of only 74% [66].

A large cohort prospective study in genotype 1 patients treated with SOF plus SIM for 12–16 
weeks showed that the overall SVR rate was 84%. Model-adjusted estimates demonstrated that 
patients with cirrhosis, prior decompensation, and previous protease inhibitor treatments were 
less likely to achieve an SVR. Addition of ribavirin enhances SVR rates in such patients [67].

Taken together, several clinical trials demonstrate that all-oral 12-week regimen of simeprevir 
plus sofosbuvir is effective and well tolerated in treatment-naïve and treatment-experienced 
HCV genotype 1 patients without and with cirrhosis. Ribavirin may be needed in patients 
with decompensation, and previous protease inhibitor treatment failure. The frequent adverse 
events include fatigue, headache, nausea, rashes, and insomnia. Serious adverse events and 
treatment discontinuation occur in only 3% of patients.

4.2.4.2. Sofosbuvir with the NS5A inhibitor ledipasvir (Harvoni)

• Treatment-naïve and treatment-experienced genotype 1 patients

Gane et al. [68] evaluated an all-oral regimen comprising sofosbuvir with ledipasvir or the 
NS5B nonnucleoside inhibitor GS-9669 in patients with genotype 1 HCV infection. Sofosbuvir 
(400 mg once daily) and ledipasvir (90 mg once daily) plus ribavirin were given for 12 weeks to 
treatment-naïve patients and prior null responders. Sofosbuvir and GS-9669 (500 mg once daily) 
plus ribavirin were given for 12 weeks to treatment-naïve patients and prior null responders. 
Additionally, prior null responders with cirrhosis were randomly assigned to groups given a 
fixed-dose combination of sofosbuvir and ledipasvir, with ribavirin or without ribavirin and 
a group of treatment-naïve patients received sofosbuvir, ledipasvir, and ribavirin for 6 weeks. 
SVR12 was 100, 92, and 68% in treatment-naïve patients receiving sofosbuvir, those receiving 
SOV, ledipasvir, ribavirin, GS-9669, and ribavirin and patients receiving 6 weeks of sofosbu-
vir, ledipasvir, and ribavirin, respectively. All noncirrhotic prior null responders receiving 12 
weeks of sofosbuvir along with another DAA plus RBV achieved SVR12 of 100%.

In the NIAID SYNERGY (genotype 1 study) [69], treatment-naïve patients with genotype 1 
chronic HCV were randomized to receive either ledipasvir-sofosbuvir for 12 weeks; or ledi-
pasvir-sofosbuvir (90-400 mg) plus the nonnucleoside NS5B inhibitor GS-9669 (500 mg once 
daily) for 6 weeks, or ledipasvir-sofosbuvir (90-400 mg) plus the NS3/4A protease inhibitor 
GS-9451 (80 mg once daily) for 6 weeks. Patients in the 12-week ledipasvir-sofosbuvir arm 
with any stage of fibrosis could be enrolled in the study. The SVR12 rates were 100, 95, and 
95% in the ledipasvir-sofosbuvir arm, the ledipasvir-sofosbuvir plus GS-9669 group, and the 
ledipasvir-sofosbuvir plus GS-9451 group, respectively.

A trial [70] evaluated 8- and 12-week courses of the fixed-dose combination of ledipasvir (90 
mg) and sofosbuvir (400 mg), with or without ribavirin in treatment-naïve and treatment-
experienced patients with chronic HCV genotype 1 infection. In all of the five study arms, 
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SVR12 was achieved in 95–100% of patients. The regimen of ledipasvir-sofosbuvir was well 
tolerated; only one patient had a serious adverse event of anemia, thought to be related to 
ribavirin. A recent large study that enrolled 4365 genotype 1, treatment-naïve, HCV-infected 
patients treated with LDV/SOF±RBV demonstrated SVR rates of 91.3 and 92.0% (3191/3495) 
for LDV/SOF and LDV/SOF+RBV, respectively [71].

Thus, the combination of ledipasvir-sofosbuvir with or without ribavirin is highly effective in 
treatment-naïve and treatment-experienced patients with chronic HCV genotype 1.

• Sofosbuvir- ledipasvir in HCV nongenotype 1 patients

Patients with genotype 3 and 6 achieved good SVR rates when treated with ledipasvir-sofos-
buvir. The SVR 12 responses in treatment-naïve patients with genotype 3 were superior in 
the regimen with ribavirin (100%) than without ribavirin (64%). Among the treatment-expe-
rienced patients, 82% of treated ledipasvir-sofosbuvir plus ribavirin achieved an SVR 12 and 
the SVR 12 rate was 96% in the patients with genotype 6 [72].

The NIAID SYNERGY (Genotype 4) trial enrolled treatment-naïve and treatment-experienced 
patients with genotype 4 chronic HCV to receive ledipasvir-sofosbuvir for 12 weeks. Patients 
with compensated cirrhosis were allowed to enroll in the study. Overall, in the intent-to-treat 
SVR was 95% [73]. A recent study that enrolled treatment-naïve and -experienced patients with 
chronic HCV genotype 4 revealed SVR12 of 78% in patients treated with ledipasvir-sofosbuvir for 
12 weeks and SVR 12 in patients treated with 24 weeks [74]. These findings suggest that further 
studies are still needed to optimize ledipasvir-sofosbuvir therapy in patients with different stages 
of chronic HCV genotype 4. To date, the efficacy and duration of DAAs in HCV genotype 4 have 
not been adequately studied and further trials are required to optimize therapy in this genotype.

A clinical trial assessed response to ledipasvir-sofosbuvir in 41 patients with chronic HCV 
genotype 5 (21 treatment-naïve and 20 treatment-experienced). The overall SVR12 was 95% 
in treatment-naïve and treatment-experienced patients, while the SVR12 was 97% in patients 
without cirrhosis and 89% in patients with cirrhosis [75].

• HCV and HIV coinfected patients

The ERADICATE trial investigated the safety and efficacy of a 12-week regimen of ledipasvir-
sofosbuvir in HCV treatment-naïve patients with genotype 1 chronic hepatitis C who are 
coinfected with HIV. Patients on antiretroviral therapy were allowed to receive tenofovir-
emtricitabine plus either efavirenz, raltegravir, rilpivirine, rilpivirine plus raltegravir, or efa-
virenz plus raltegravir. In patients taking antiretroviral therapy, SVR12 was 97% [76]. The 
SVR12 was 96.4% in German HIV-HCV coinfected patients [77]. A study investigated the effi-
cacy and safety of ledipasvir/sofosbuvir plus ribavirin for 24 weeks in HCV/HIV-coinfected 
patients who relapsed after receiving 12 weeks of ledipasvir/sofosbuvir therapy. The SVR12 
was 89% suggesting that ledipasvir/sofosbuvir can be an effective salvage therapy for patients 
for whom direct-acting antiviral treatment has failed [78].

Thus, ledipasvir-sofosbuvir is well tolerated and effective in patients with genotype 1 HCV 
and HIV coinfection. However, more studies are required to investigate the efficacy and safety 
of ledipasvir/sofosbuvir in treatment of HIV patients infected with various HCV genotypes. 
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Importantly the drug-drug interactions between ledipasvir/sofosbuvir and antiretroviral ther-
apy need extensive investigations on large cohorts.

-Retreatment of sofosbuvir failures

In the NIAID retreatment of sofosbuvir failures trial [79], patients with genotype 1 HCV who 
previously had failed a 24-week course of sofosbuvir plus ribavirin achieved SVR12 ranged 
between 98 and 100% when retreated with fixed-dose combination of ledipasvir-sofosbuvir 
for 12 weeks. Despite the small sample size in this study, the trial showed that 12-week regi-
men of ledipasvir-sofosbuvir without or with ribavirin was well tolerated and shows promise 
as a treatment option for patients with prior sofosbuvir failure.

4.2.4.3. Sofosbuvir/velpatasvir (Epclusa)

Sofosbuvir-velpatasvir (sofosbuvir 400 mg plus velpatasvir 100 mg) is an oral fixed-dose combi-
nation of sofosbuvir, and the novel NS5A replication complex inhibitor, velapatasvir. Velpatasvir 
(formerly GS-5816) has potent in vitro anti-HCV activity across all genotypes at the picomolar 
level. The combination of sofosbuvir-velpatasvir is the first once-daily single-tablet regimen with 
pangenotypic activity. Sofosbuvir-velpatasvir is indicated for patients with chronic HCV geno-
type 1 through 6 [80]. A clinical trial [81] assessed the efficacy and safety of the combination of 
the nucleotide polymerase inhibitor sofosbuvir, the NS5A inhibitor velpatasvir, and the NS3/4A 
protease inhibitor GS-9857 in patients with hepatitis C virus (HCV) genotype 1 infection. Among 
treatment-naïve patients without cirrhosis, the SVR rates were 71 and 100% after 6 and 8 weeks 
of treatment, respectively. Among treatment-naïve patients with cirrhosis, 94% achieved SVR12 
after 8 weeks therapy and 81% after 8 weeks of treatment with ribavirin. The SVR12 rates were 
100% in DAA-experienced patients without cirrhosis and with cirrhosis, respectively.

Sofosbuvir-velpatasvir showed high efficacy in non-1 genotypes. ASTRAL-2 study demon-
strated that the SVR12 was 99% treatment-naïve and treatment-experienced patients infected 
with HCV genotype 2 [82]. Among HCV with chronic HCV genotype 3 treated with sofosbuvir-
velpatasvir, the ASTRAL-3 trial showed that the SVR12 rate were 93% for treatment-naïve and 
89% for treatment-experienced patients [83]. SVR12 was 100% in patients with chronic HCV gen-
otype 4 [84]. The ASTRAL-4 studies [82] demonstrated that sofosbuvir/velpatasvir plus ribavirin 
were effective in achieving a high SVR12 rate in patients with decompensated cirrhosis [85].

The ASTRAL-5 study investigated the safety and efficacy of 12 weeks sofosbuvir-velpatasvir in 
patients with HIV and HCV coinfection. Enrolled patients were infected with genotype 1, 2, 3, 4, 
or 6 HCV infection; 18% had compensated cirrhosis and 29% were treatment-experienced. The 
mean CD4 count was 583 cells/mm3 and all patients had HIV viral suppression. The antiretroviral 
regimens included tenofovir disoproxil fumarate (DF). The overall SVR12 rate was 95%. The pres-
ence of cirrhosis or treatment experience did not negatively influence treatment response [86].

4.2.5. Nonstructural protein 5A (NS5A) inhibitors

The NS5A protein is essential for replication and assembly of HCV. Inhibitors of NS5A block 
viral production at an early stage of assembly, so that no viral RNA or nucleocapsid protein 
is released [87]. Therefore, agents that block NS5B activity (polymerase inhibitors) inhibit the 
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Importantly the drug-drug interactions between ledipasvir/sofosbuvir and antiretroviral ther-
apy need extensive investigations on large cohorts.

-Retreatment of sofosbuvir failures

In the NIAID retreatment of sofosbuvir failures trial [79], patients with genotype 1 HCV who 
previously had failed a 24-week course of sofosbuvir plus ribavirin achieved SVR12 ranged 
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otype 4 [84]. The ASTRAL-4 studies [82] demonstrated that sofosbuvir/velpatasvir plus ribavirin 
were effective in achieving a high SVR12 rate in patients with decompensated cirrhosis [85].

The ASTRAL-5 study investigated the safety and efficacy of 12 weeks sofosbuvir-velpatasvir in 
patients with HIV and HCV coinfection. Enrolled patients were infected with genotype 1, 2, 3, 4, 
or 6 HCV infection; 18% had compensated cirrhosis and 29% were treatment-experienced. The 
mean CD4 count was 583 cells/mm3 and all patients had HIV viral suppression. The antiretroviral 
regimens included tenofovir disoproxil fumarate (DF). The overall SVR12 rate was 95%. The pres-
ence of cirrhosis or treatment experience did not negatively influence treatment response [86].

4.2.5. Nonstructural protein 5A (NS5A) inhibitors

The NS5A protein is essential for replication and assembly of HCV. Inhibitors of NS5A block 
viral production at an early stage of assembly, so that no viral RNA or nucleocapsid protein 
is released [87]. Therefore, agents that block NS5B activity (polymerase inhibitors) inhibit the 
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virus's RdRp [87]. Nucleoside inhibitors (NIs) bind to RdRp’s active site, whereas the non-
nucleoside inhibitors (NNIs) bind to the enzyme outside the active site, inducing conforma-
tional changes that downregulated RdRp’s activity. As a result of mechanistic and potency 
differences, the NIs tend to have broad potency against multiple HCV genotypes and are less 
likely to select for resistant strains than are the NNIs [88]. Cyclophilin is a host protein that 
interacts with NS5B and appears to promote the HCV protein’s ability to bind.

4.2.5.1. Daclatasvir (Daklinza)

Daclatasvir HCV is first-in-class inhibitor of the nonstructural viral protein 5A (NS5A), a 
phosphoprotein that plays an important role in hepatitis C replication. The exact mechanism 
by which daclatasvir inhibits the NS5A replication complex is unclear, but it is believed that 
daclatasvir inhibits viral RNA replication and virion assembly. It may also inhibit phosphor-
ylation of the NS4A, and therefore the formation and activation of the HCV replication com-
plex. Based on in vitro data, daclatasvir has shown activity against HCV genotypes 1 through 
6, with EC50 values ranging from picomolar to low nanomolar against wild-type HCV [89].

When used in combination with sofosbuvir, with or without ribavirin, daclatasvir showed 
high efficacy in pangenotypic all-oral regimen. According to the results of the AI444040 and 
ALLY-3 trials [90, 91], a 12-week regimen of daclatasvir plus sofosbuvir in patients with 
chronic HCV genotype 1 or 3 infection without cirrhosis resulted in high SVR12 rates, regard-
less of prior treatment experience. The ALLY-3 [91] trial demonstrated high SVR12 rates with 
a 12- or 16-week regimen of daclatasvir plus sofosbuvir and ribavirin in patients with chronic 
HCV genotype 3 infections and advanced fibrosis or compensated cirrhosis. A daclatasvir 
plus sofosbuvir-based regimen demonstrated efficacy in patients with chronic HCV genotype 
1, 3, or 4 infection and advanced cirrhosis or posttransplant recurrence in the ALLY-1 trial [92], 
and in patients coinfected with HCV genotype 1, 3, or 4 and HIV-1 in the ALLY-2 trial [93].

Daclatasvir plus sofosbuvir with or without ribavirin was generally well tolerated. Fatigue, 
headache, nausea, and diarrhea were the adverse events reported in some patients treated 
with daclatasvir [91–93]. Daclatasvir and sofosbuvir combination can potentially cause seri-
ous bradycardia when coadministered with amiodarone. Given that daclatasvir is a substrate 
of CYP3A, it is contraindicated for use with drugs that are strong inducers of CYP3A, includ-
ing phenytoin, carbamazepine, and rifampin [94].

Data from clinical trials showed resistance-associated substitutions in the NS5A gene [95]. 
Thus, the AASLD/IDSA HCV Guidance Panel recommends testing for these substitutions 
when NS5A inhibitors fail [96]. Baseline NS5A polymorphisms may also impact the emer-
gence of NS5A resistance [96].

Taken together, daclatasvir plus sofosbuvir with or without ribavirin is an important option 
for use in treatment-naïve or treatment-experienced patients with chronic HCV genotype 1, 3, 
or 4 infections, including patients with advanced liver disease, posttransplant recurrence, and 
HIV-1 coinfection. Daclatasvir with sofosbuvir is a particularly useful ribavirin-free oral option 
for genotype 3 patients. Testing for the presence of NS5A polymorphisms is recommended at 
baseline for patients with HCV genotype 1a prior to initiation of treatment with in patients 
with genotype 1a and cirrhosis prior to sofosbuvir plus daclatasvir treatment.
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4.2.5.2. Liedipasvir

Ledipasvir is a potent inhibitor of HCV NS5A, a viral phosphoprotein that plays a critical 
role in viral replication, assembly, and secretion [97]. The results of clinical trials assessing 
ledipasvir combinations with SOF have been discussed previously.

Coadministration of amiodarone and ledipasvir-sofosbuvir is not recommended given that 
severe cases of symptomatic bradycardia have been reported. Ledipasvir-sofosbuvir has signifi-
cant drug-drug interactions with P-gp inducers such as rifampin that may cause a significant 
reduction in levels of ledipasvir and sofosbuvir and reduced efficacy of ledipasvir-sofosbuvir [97].

4.2.6. Ombitasvir-paitaprevir-ritonavir-dasabuvir (Viekira Pak)

The four medications: ombitasvir, paritaprevir, ritonavir, and dasabuvir are combined as a 
fixed-dose tablet and the dasabuvir is a separate tablet. Ombitasvir is an NS5A inhibitor with 
potent pangenotypic picomolar antiviral activity, paritaprevir is an inhibitor of the NS3/4A 
serine protease, and dasabuvir is a nonnucleoside NS5B polymerase inhibitor. Ritonavir is a 
potent inhibitor of CYP3A4 enzymes and is used as a pharmacologic booster for paritapre-
vir—it significantly increases peak and trough paritaprevir plasma concentrations, as well as 
the area under the curve of paritaprevir [98].

PEARL III trial demonstrated the SVR12 rate of 99.5% in treatment-naïve patients with chronic 
HCV genotype 1b treated with ombitasvir-paritaprevir-ritonavir and dasabuvir plus ribavi-
rin group and 99% in patients who received ombitasvir-paritaprevir-ritonavir and dasabuvir 
without ribavirin [99]. The TURQUOISE trial assessed the efficacy and safety of ombitasvir, 
paritaprevir, ritonavir, and dasabuvir plus RBV in HCV/HIV-1 coinfected patients for 12 or 24 
weeks. The study enrolled HCV treatment-naïve or PEG-IFN/RBV-experienced patients, with 
or without Child-Pugh A cirrhosis. Patients with CD4+ count ≥200 cells/mm3 or CD4+ % ≥14%, 
and plasma HIV-1 RNA suppressed on a stable atazanavir- or raltegravir-inclusive antiretro-
viral (ART) regimen were included. Among patients treated with 3D+RBV for 12 weeks, 93.5% 
achieved SVR12. Among patients receiving 24 weeks of treatment, 96.9% achieved EOTR; the 
most common AEs were fatigue, insomnia, and nausea. Elevation in total bilirubin was the most 
common laboratory abnormality, occurring predominantly in patients receiving atazanavir.

This combination was effective liver transplant recipients who have recurrent hepatitis C 
genotype 1 infection [101]. In patients with stage 4 or 5 renal disease and patients on dialysis 
treated with ombitasvir-paritaprevir-ritonavir and dasabuvir., EOT response was 100% and 
SVR12 response was achieved in 85% of patients with genotype 1b [102].

5. Treatment of different HCV genotypes

According to the 2016 HCV treatment guidelines of the American Association for the Study 
of Liver Diseases (AASLD) and the Infectious Diseases Society of America (IDSA) [96] and 
European Association of Study of Liver Diseases (EASL) [99], chronic HCV due to any geno-
type can be efficiently treated using all-oral DAA interferon-free regimens.
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5.1. HCV genotype 1 (Figure 4)

Optimizing the regimen of therapy for chronic HCV genotype 1 depends on several factors 
such as whether the patient is treatment naïve or experienced and the previous therapies 
provided and the status of resistance in some cases. Given the high cost of IFN-free regimen 
and difficulties in access to this therapy in various countries, it is necessary to tailor therapy 
according to the patient population treated and the available therapies.

5.2. Ledipasvir-sofosbuvir combination

• Treatment-naïve patients with or without compensated cirrhosis patients are treated with 
a fixed-dose combination of sofosbuvir and ledipasvir for 12 weeks.

• Therapy may be shortened to 8 weeks in patients with a viral load <6 million IU/ml.

• Treatment-experienced, DAA-naïve patients infected with genotype 1b with or without 
compensated cirrhosis are treated with the fixed-dose combination of sofosbuvir and ledi-
pasvir for 12 weeks without ribavirin.

• Treatment-experienced, DAA-naïve patients infected with genotype 1a with or without 
compensated cirrhosis are treated with the fixed-dose combination of sofosbuvir and ledi-
pasvir for 12 weeks with daily weight-based ribavirin (1000 or 1200 mg in patients <75 kg 
or =75 kg, respectively).

• If there is a contraindication to ribavirin, the treatment-experienced, DAA-naïve patients 
are treated with Harvoni for 24 weeks.

Figure 4. Treatment of HCV genotype 1.
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• Treatment-experienced, DAA-naïve patients infected with genotype 1a with or without 
compensated cirrhosis who have NS5A RASs and resistance to ledipasvir (M28A/G/T, 
Q30E/G/H/K/R, L31M/V, P32L/S, H58D, and/or Y93C/H/N/S) are treated with the fixed-
dose combination of sofosbuvir and ledipasvir for 12 weeks with ribavirin.

5.3. Sofosbuvir-velpatasvir

• Genotype 1a, regardless of the presence of cirrhosis: sofosbuvir-velpatasvir is prescribed 
for 12 weeks without ribavirin in treatment naïve or treatment experienced.

• Genotype 1b, regardless of the presence of cirrhosis: sofosbuvir-velpatasvir is prescribed 
for 12 weeks without ribavirin in treatment naïve or treatment experienced.

5.4. Elbasvir-grazoprevir

Elbasvir-grazoprevir (50 mg/100 mg) therapy in chronic hepatitis C genotypes 1 is tailored 
according prior treatment experience and the presence of baseline polymorphisms at amino 
acid positions 28, 30, 31, or 93.

• Genotype 1a, treatment-naïve or peginterferon/ribavirin-experienced with no baseline 
NS5A polymorphisms: elbasvir-grazoprevir is given for 12 weeks.

• Genotype 1a, treatment-naïve or peginterferon/ribavirin-experienced with baseline NS5A 
polymorphisms: elbasvir-grazoprevir plus ribavirin is prescribed for 16 weeks.

• Genotype 1b, treatment-naïve or peginterferon/ribavirin-experienced: elbasvir-grazopre-
vir is given for 12 weeks.

• Genotype 1a or 1b, peginterferon/ribavirin/protease inhibitor-experienced: elbasvir-grazo-
previr plus ribavirin is given for 12 weeks.

5.4.1. Sofosbuvir and daclatasvir

In genotype 1 infections, sofosbuvir and daclatasvir are used with or without ribavirin 
depending on the patient population

• Genotype 1, without cirrhosis: daclatasvir plus sofosbuvir are prescribed for 12 weeks.

• Genotype 1 with compensated cirrhosis: daclatasvir plus sofosbuvir are given for 12 weeks.

• Genotype 1 with decompensated (Child-Pugh B or C) cirrhosis: daclatasvir plus sofosbuvir 
plus ribavirin are given for 12 weeks.

5.4.2. Ombitasvir-paritaprevir-ritonavir-dasabuvir

In regions where this combination is available, the therapeutic strategy is recommended as 
follows:

• Genotype 1a, without cirrhosis: ombitasvir-paritaprevir-ritonavir and dasabuvir plus riba-
virin are prescribed for 12 weeks.
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5.4.1. Sofosbuvir and daclatasvir

In genotype 1 infections, sofosbuvir and daclatasvir are used with or without ribavirin 
depending on the patient population

• Genotype 1, without cirrhosis: daclatasvir plus sofosbuvir are prescribed for 12 weeks.

• Genotype 1 with compensated cirrhosis: daclatasvir plus sofosbuvir are given for 12 weeks.
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virin are prescribed for 12 weeks.
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• Genotype 1a, with cirrhosis: ombitasvir-paritaprevir-ritonavir and dasabuvir plus ribavi-
rin are prescribed for 24 weeks.

• Genotype 1b, without cirrhosis: ombitasvir-paritaprevir-ritonavir and dasabuvir are pre-
scribed for 12 weeks.

• Genotype 1b, with cirrhosis: ombitasvir-paritaprevir-ritonavir and dasabuvir plus ribavi-
rin are prescribed for 12 weeks

Thus, Viekira Pak prescribed with ribavirin except in patients without cirrhosis

Genotype 2 (Figure 5)

Chronic HCV genotype 2 treatment-naïve or treatment-experienced patients are treated with 
either with aofosbuvir/velpatasvir for 12 weeks without ribavirin or sofosbuvir and daclatas-
vir without ribavirin.

Figure 5. Treatment of HCV genotype 2.
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HCV genotype 3 (Figure 6)

Chronic HCV genotype 2 treatment-naïve patients are treated with either sofosbuvir/velpatas-
vir for 12 weeks without ribavirin or sofosbuvir and daclatasvir without ribavirin. Ribavirin is 
added for the therapy of treatment-experienced patients.

HCV genotype 4 (Figure 7)

Treatment-naïve patients with chronic hepatitis C genotype 4 can be treated by one of the fol-
lowing regimen according to availability:

 - Sofosbuvir (400 mg)/ledipasvir (90 mg) for 12 weeks without ribavirin is prescribed for 
treatment-naïve patients with or without compensated cirrhosis. In treatment-experienced 
patients, ribavirin is added as a daily weight-based dose (1000 or 1200 mg in patients <75 
kg or =75 kg, respectively). Sofosbuvir and ledipasvir for 24 weeks is recommended for 
treatment-experienced patients with or without compensated cirrhosis with contraindica-
tions to the use of ribavirin or with poor tolerance to ribavirin.

 - Sofosbuvir/velpatasvir combination for 12 weeks without ribavirin is given to treatment-
naïve and treatment-experienced chronic HCV genotype 4 patients with or without com-
pensated cirrhosis.

 - Ombitasvir (12.5 mg), paritaprevir (75 mg), and ritonavir (50 mg) is given as two tablets 
once daily without dasabuvir to patients infected with HCV genotype 4 with and without 
compensated cirrhosis.

Figure 6. Treatment of HCV genotype 3.
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Chronic HCV genotype 2 treatment-naïve patients are treated with either sofosbuvir/velpatas-
vir for 12 weeks without ribavirin or sofosbuvir and daclatasvir without ribavirin. Ribavirin is 
added for the therapy of treatment-experienced patients.

HCV genotype 4 (Figure 7)

Treatment-naïve patients with chronic hepatitis C genotype 4 can be treated by one of the fol-
lowing regimen according to availability:

 - Sofosbuvir (400 mg)/ledipasvir (90 mg) for 12 weeks without ribavirin is prescribed for 
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kg or =75 kg, respectively). Sofosbuvir and ledipasvir for 24 weeks is recommended for 
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tions to the use of ribavirin or with poor tolerance to ribavirin.

 - Sofosbuvir/velpatasvir combination for 12 weeks without ribavirin is given to treatment-
naïve and treatment-experienced chronic HCV genotype 4 patients with or without com-
pensated cirrhosis.

 - Ombitasvir (12.5 mg), paritaprevir (75 mg), and ritonavir (50 mg) is given as two tablets 
once daily without dasabuvir to patients infected with HCV genotype 4 with and without 
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Figure 6. Treatment of HCV genotype 3.
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 - Grazoprevir (100 mg) and elbasvir (50 mg) without ribavirin is prescribed as one tablet 
daily to treatment-naïve patients infected with genotype 4 with or without compensated 
cirrhosis. In treatment-experienced patients infected with genotype 4 with or without com-
pensated cirrhosis with an HCV RNA level at baseline >800,000 IU/ml are treated with 
grazoprevir and elbasvir for 16 weeks with daily weight-based ribavirin (1000 or 1200 mg 
in patients <75 kg or =75 kg, respectively).

 - Sofosbuvir (400 mg) and daclatasvir (60 mg) is given to treatment-naïve patients with or 
without cirrhosis should be treated with the combination of sofosbuvir and daclatasvir 
for 12 weeks without ribavirin. Ribavirin (1000 or 1200 mg in patients <75 kg or =75 kg) is 
added for treatment-experienced patients with or without compensated cirrhosis.

Figure 7. Treatment of HCV genotype 4.
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HCV genotype 5 or 6 (Figure 8)

Treatment-naïve patients with or without compensated cirrhosis patients with chronic HCV 
genotype 5 or 6 are treated with sofosbuvir and ledipasvir for 12 weeks without ribavirin. 
Treatment-experienced patients with or without compensated cirrhosis are treated with the 
combination of sofosbuvir and ledipasvir for 12 weeks with daily weight-based ribavirin 
(1000 or 1200 mg in patients <75 kg or =75 kg, respectively. Treatment-naïve and treatment-
experienced patients with or without compensated cirrhosis are treated with the fixed-dose 
combination of sofosbuvir and velpatasvir for 12 weeks without ribavirin, and ribavirin is 
added in patients with treatment-experienced patients.

Figure 8. Treatment of HCV genotype 5, 6. Note: Ledipasvir: LDV; Sofosbuvir: SOF; Ribavirin: RBV; Simeprevir: SIM, 
Velpatasvir: VEL; Elbasvir: EBR; Grazoprevir: GZR; Daclatasvir: DAC; Ombitasvir: OBV; Paritaprevir: PTV; Rintonavir: r.
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6. Patients with HCV and HIV coinfection

Patients with HCV and HIV coinfection are treated according to genotype and prior treatment 
status as follows [96, 99, 100, 101]:

(1) Genotype 1a, treatment-naïve patients may be treated with any of the following regimen:

a. Sofosbuvir/ledipasvir for 12 weeks without ribavirin

b. Sofosbuvir/velpatasvir for 12 weeks without ribavirin

c. Ombitasvir/paritaprevir/ritonavir and dasabuvir for 12 weeks with ribavirin

d. Grazoprevir/elbasvir for 12 weeks without ribavirin if HCV RNA=800,000 IU/ml or 
16 weeks with ribavirin if HCV RNA >800,000 IU/ml

e. Sofosbuvir/daclatasvir for 12 weeks without ribavirin

Genotype 1a, treatment-experienced patients may be treated with any of the following 
regimen:

a. Sofosbuvir/ledipasvir for 12 weeks with ribavirin or 24 weeks without ribavirin

b. Sofosbuvir/velpatasvir for 12 weeks without ribavirin

c. Ombitasvir/paritaprevir/ritonavir and dasabuvir for 12 weeks with ribavirin

d. Grazoprevir/elbasvir for 12 weeks without ribavirin if HCV RNA=800,000 IU/ml or 
16 weeks with ribavirin if HCV RNA >800,000 IU/ml

e. Sofosbuvir/daclatasvir for 12 weeks with ribavirin or 24 weeks without ribavirin

(2) Genotype 1b, treatment-naïve and treatment-experienced patients may be treated with 
any of the following regimen:

a. Sofosbuvir/ledipasvir for 12 weeks without ribavirin

b. Sofosbuvir/velpatasvir for 12 weeks without ribavirin

c. Ombitasvir/paritaprevir/ritonavir and dasabuvir for 12 weeks with ribavirin

d. Grazoprevir/elbasvir for 12 weeks without ribavirin

e. Sofosbuvir/daclatasvir for 12 weeks without ribavirin

(3) Genotype 2, treatment-naïve and treatment-experienced patients may be treated with any 
of the following regimen:

a. Sofosbuvir/velpatasvir for 12 weeks without ribavirin

b. Sofosbuvir/daclatasvir for 12 weeks without ribavirin

(4) Genotype 3, treatment-naïve and treatment-experienced patients may be treated with any 
of the following regimen:
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a. Sofosbuvir/velpatasvir for 12 weeks with ribavirin or 24 weeks without ribavirin

b. Sofosbuvir/daclatasvir for 12 weeks with ribavirin

(5) Genotype 4 treatment-naïve patients may be treated with any of the following regimen:

a. Sofosbuvir/ledipasvir for 12 weeks without ribavirin

b. Sofosbuvir/velpatasvir for 12 weeks without ribavirin

c. Ombitasvir/paritaprevir/ritonavir with ribavirin for 12 weeks

d. Grazoprevir/elbasvir for 12 weeks without ribavirin

e. Sofosbuvir/daclatasvir for 12 weeks without ribavirin

f. Sofosbuvir and simeprevir for 12 weeks without ribavirin

Genotype 4 treatment-experienced patients may be treated with any of the following 
regimen:

g. Sofosbuvir/ledipasvir for 12 weeks with ribavirin and 24 weeks with ribavirin

h. Sofosbuvir/velpatasvir for 12 weeks without ribavirin

i. Ombitasvir/paritaprevir/ritonavir with ribavirin for 12 weeks

j. Grazoprevir/elbasvir for 12 weeks without ribavirin if HCV RNA =800,000 or 16 
weeks with ribavirin if HCV RNA >800,000 IU/ml

k. Sofosbuvir/daclatasvir for 12 weeks with ribavirin or 24 weeks without ribavirin

l. Sofosbuvir and simeprevir for 12 weeks with ribavirin or 24 weeks without ribavirin

Daclatasvir, dose requirement is needed with ritonavir-boosted atazanavir and efavirenz or 
etravirine. Simeprevir should be used with antiretroviral drugs with which it does not have 
clinically significant interactions. In addition, it is recommended daily fixed doses of com-
bined sofosbuvir (400 mg)/velpatasvir (100 mg) and of ledipasvir (90 mg)/sofosbuvir (400 
mg). For combinations expected to increase tenofovir levels, baseline and ongoing assessment 
for tenofovir nephrotoxicity is recommended. Regarding HCV/HIV individuals, they should 
be treated and retreated the same as persons without HIV infection, after recognizing and 
managing interactions with antiretroviral medications [100, 101].

6.1. Treatment of patients with decompensated cirrhosis

Patients with decompensated cirrhosis and those awaiting liver transplantation are managed 
according to the HCV genotype. Patients with genotypes 1 and 4 are treated with daily fixed-
dose combination of ledipasvir (90 mg)/sofosbuvir (400 mg) with low initial dose of ribavirin 
(600 mg, increased as tolerated) for 12 weeks. Another regimen is a daily fixed-dose combination 
of sofosbuvir (400 mg)/velpatasvir (100 mg) with weight-based ribavirin for 12 weeks. Finally, 
daily doses of daclatasvir (60 mg) plus sofosbuvir (400 mg) with low initial dose of ribavirin (600 
mg, increased as tolerated) are given for 12 weeks. For patients who are ribavirin ineligible, the 
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6.1. Treatment of patients with decompensated cirrhosis

Patients with decompensated cirrhosis and those awaiting liver transplantation are managed 
according to the HCV genotype. Patients with genotypes 1 and 4 are treated with daily fixed-
dose combination of ledipasvir (90 mg)/sofosbuvir (400 mg) with low initial dose of ribavirin 
(600 mg, increased as tolerated) for 12 weeks. Another regimen is a daily fixed-dose combination 
of sofosbuvir (400 mg)/velpatasvir (100 mg) with weight-based ribavirin for 12 weeks. Finally, 
daily doses of daclatasvir (60 mg) plus sofosbuvir (400 mg) with low initial dose of ribavirin (600 
mg, increased as tolerated) are given for 12 weeks. For patients who are ribavirin ineligible, the 

Advances in Treatment of Hepatitis C and B34

recommended regime is a daily fixed dose combination of sofosbuvir (400 mg)/velpatasvir (100 
mg) for 24 weeks. Another regime is a combination of ledipasvir (90 mg)/sofosbuvir (400 mg) 
for 24 weeks. Patients who previously failed sofosbuvir-based treatment are given a combi-
nation of ledipasvir (90 mg)/sofosbuvir (400 mg) with low initial dose of ribavirin (600 mg, 
increased as tolerated) for 24 weeks [96, 99, 102]. Patients with HCV genotype 2 or 3 infection 
and decompensated cirrhosis are treated with daily fixed-dose combination sofosbuvir (400 
mg)/velpatasvir (100 mg) with weight-based ribavirin for 12 weeks [96, 99, 102].

6.2. Patients with HCV recurrence after liver transplantation

Patients who develop HCV after transplantation and with compensated cirrhosis are treated 
with daily fixed-dose combination of ledipasvir (90 mg)/sofosbuvir (400 mg) with weight-
based ribavirin for 12 weeks. Treatment-naïve patients with HCV genotype 1 or 4 infection 
in the allograft and with compensated liver disease and who are ribavirin ineligible can be 
treated by a daily fixed-dose combination of ledipasvir (90 mg)/sofosbuvir (400 mg) for 24 
weeks [96, 99, 103]. Patients with HCV genotype 1 infection in the allograft, including those 
with compensated cirrhosis can receive daily simeprevir (150 mg) plus sofosbuvir (400 mg) 
with or without weight-based ribavirin for 12 weeks. For those with early stage fibrosis, the 
recommended regimen is daily fixed-dose combination of paritaprevir (150 mg)/ritonavir 
(100 mg)/ombitasvir (25 mg) plus twice-daily dosed dasabuvir (250 mg) with weight-based 
ribavirin for 24 weeks. Treatment-naïve and -experienced patients with HCV genotype 2 
infection in the allograft, including those with compensated cirrhosis, are treated with dacla-
tasvir (60 mg) plus sofosbuvir (400 mg), with low initial dose of ribavirin (600 mg, increased 
as tolerated) for 12 weeks [92, 96, 99].

7. Patients with HCV and renal impairment

In patients with mild to moderate renal impairment, no dosage adjustment is required when 
using daclatasvir (60mg), fixed-dose combination of ledipasvir (90 mg)/sofosbuvir (400 mg), 
fixed-dose combination of sofosbuvir (400mg)/velpatasvir (100mg), or fixed-dose combination 
of paritaprevir (150 mg)/ritonavir (100 mg)/ombitasvir (25 mg) with (or without for HCV gen-
otype 4 infection) twice-daily dosed dasabuvir (250 mg), simeprevir (150 mg), or sofosbuvir 
(400 mg) to treat or retreat HCV infection in patients with appropriate genotypes [96, 99, 104].

For patients with severe renal impairment or end stage renal disease and patients with geno-
type 1a, or 1b, or 4 infection and CrCl below 30 ml/min, for whom treatment has been elected 
before kidney transplantation, the recommended daily fixed-dose combination of elbasvir 
(50 mg)/grazoprevir (100mg) for 12 weeks. Genotype 1b infection patients and CrCl below 30 
ml/min for whom the urgency to treat is high and treatment has been elected before kidney 
transplantation, daily fixed-dose combination of paritaprevir (150 mg)/ritonavir (100 mg)/
ombitasvir (25 mg) plus twice-daily dosed dasabuvir (250 mg) for 12 weeks. For patients with 
HCV genotype 2, 3, 5, or 6 infection and CrCl below 30 ml/min for whom the urgency to treat 
is high and treatment has been elected before kidney transplantation, PEG-IFN and dose-
adjusted ribavirin (200 mg daily) [104–107].
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8. Retreatment of patients who failed prior therapy [57, 96, 99, 108, 109]

Patients who failed PEG-IFN-α, ribavirin, and DAA or all DAA regimens are retreated accord-
ing to the previous therapies and genotype as follows:

 - Patients infected with HCV genotype 1 who failed after a triple combination regimen of 
PEG-IFN-α, ribavirin and telaprevir, boceprevir or simeprevir are treated with combina-
tion of sofosbuvir and ledipasvir or sofosbuvir and velpatasvir, or sofosbuvir and daclatas-
vir, with ribavirin for 12 weeks.

 - Patients who failed on sofosbuvir alone or sofosbuvir plus ribavirin or sofosbuvir plus pe-
gylated IFN- α and ribavirin can be retreated with any of the following:

 ○ Genotypes 1, 4, 5, or 6 can be treated with sofosbuvir and ledipasvir

 ○ All genotypes can be treated with sofosbuvir and velpatasvir

 ○ Genotype 1 may be treated with ritonavir-boosted paritaprevir, ombitasvir, and 
dasabuvir

 ○ Genotype 4 is treated with ritonavir boosted, paritaprevir and ombitasvir or sofosbuvir 
plus simeprevir

 ○ Genotypes 1 or 4 are treated with grazoprevir and elbasvir for 24 weeks in F0-F2 patients 
with HCV RNA >800,000 IU/ml)

 ○ All genotypes may be treated with sofosbuvir plus daclatasvir

9. Treatment of HCV and HBV coinfection

The goal of therapy in HBV and HCV coinfection is to eradicate HCV infection and inhibit 
HBV replication. Evaluation of liver disease progression, predominance of one virus over 
another, and comorbidities are essential for optimal antiviral regimens. For patients with 
active hepatitis C, the same regimens following the same rules as for monoinfected patients 
should be applied based on AASLD and EASL recommendations [96, 99]. For patients with 
active hepatitis B before, during or after HCV clearance or with established cirrhosis, nucleo-
side or nucleotide analog (NA), tenofovir or entecavir is indicated [110, 111]. Concurrent HBV 
nucleoside/nucleotide analog therapy is indicated either if there is a potential risk of HBV 
reactivation during or after HCV clearance or if HBV replication is detectable at a significant 
level before initiation of HCV treatment [112].

Patients should be carefully investigated for the replicative status of both HBV and HCV, and 
hepatitis delta virus infection prior selecting the treatment strategy. When HCV is replicat-
ing and causes liver disease, it should be treated following the same rules as applied to HCV 
monoinfected patients. There is a potential risk of HBV reactivation during or after HCV 
clearance. Prior initiating DAA-based treatment for hepatitis C, patients should be tested 
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for HBs antigen, anti-HBc antibodies and anti-HBs antibodies. If HBs antigen is present 
or if HBV DNA is detectable in HBs antigen-negative, anti-HBc antibody-positive patients 
(“occult” hepatitis B), concurrent HBV nucleoside/nucleotide analog therapy is indicated 
[96, 99].

9.1. DAA resistance

Despite the great efficacy of the interferon-free DAA regimen, real-life experience revealed 
that approximately 5–10% of patients end up with virologic failure. Treatment failure raised 
the issue of resistance and occurrence of mutations. To date, the impact of such mutations on 
the treatment outcome is not clarified. It is not clear if the presence of mutations at baseline 
may independently lead to relapse [113]. HCV resistance-associated variants (RAVS) remain 
a challenging issue in HCV therapy. The prevalence of NS5A RAVs at baseline was shown 
to vary considerably across genotypes 1a, 1b, 3 and 4. Some studies showed that virologic 
failure tended to be more frequent when an NS5A Y93H substitution was present at base-
line. Resistance-associated substitutions (RASs) have been reported both in treatment-naïve 
patients and following treatment with protease (NS3), phosphoprotein (NS5A) and poly-
merase (NS5B) inhibitors [113].

The different next-generation sequencing (NGS) technologies for (HCV) are critical for iden-
tification of both viral genotype and resistance genetic motifs in the era of DAA therapies. A 
study [114] compared the ability of high-throughput NGS methods to generate full-length, 
deep, HCV sequence data sets and evaluated their utility for diagnostics and clinical assess-
ment. The study showed that the consensus sequences generated by different NGS methods 
were generally concordant, and majority RAVs were consistently detected. However, meth-
ods differed in their ability to detect minor populations of RAVs. NGS provided a rapid, inex-
pensive method for generating whole HCV genomes to define infecting genotypes, RAVs, 
comprehensive viral strain analysis and quasispecies diversity. Enrichment methods are par-
ticularly suited for high-throughput analysis while providing the genotype and information 
on potential DAA resistance [114].

In conclusion, discovery of short duration, safe and highly effective regimens has opened up 
new horizons for HCV cure. However, real-life experience demonstrated some challenges 
such as emergence of mutations and management of special patient populations. Despite the 
optimism for the near future and the excellent efficacy, the prohibitive cost of such regimen 
is a great obstacle that interferes with accessibility of patients in countries with high HCV 
prevalence to the new IFN-free regimens. Thus, more efforts should be made to make IFN-
free cost-effective in all clinical scenarios and accessible to all patients.
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Abstract

The hepatitis C viral (HCV) infection is a global health burden, WHO estimates 130–150 
million people chronically infected with hepatitis C virus worldwide. Additional 3–4 
million people become newly infected annually and more than 350,000 people die each 
year of HCV-related liver diseases. HCV infection exhibits higher genetic diversity with 
regional variations in genotypic prevalence resulting big challenges on disease manage-
ment. Introduction of DAAs revolutionised the new era of all oral therapy in treatment 
of chronic hepatitis C infection and is the regimens of choice in present days. However, 
IFN-based combination therapy with sofosbuvir has promising efficacy in genotypes 3, 
4, 5 or 6 infections compared to genotypes 1 and 2 infections. So, these regimens could be 
an option in DAAs regimen failure cases. The poor availability of data on recent DAAs 
(IFN-free) regimens questioned on regular use and cost effectiveness is the another chal-
lenge with DAAs regimens. So phase III trials (sofosbuvir and velpatasvir) of recent 
DAAs with pangenotypic actions and better tolerability in HCV infected patients are the 
future advances in treatment of chronic hepatitis C. After all those recent combination 
therapies with better SVR, the combination of pegylated interferon with ribavirin is the 
only option available where unavailability of other regimens still exists.

Keywords: hepatitis C virus, HCV genotypes, pegylated interferon, direct-acting 
antivirals, sustained virological response
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1. Introduction

Hepatitis C virus (HCV) is a global public health problem causing progressive liver disease.  
The World Health Organization (WHO) estimates 130–150 million people chronically 
infected worldwide, which corresponds to 2–2.5% of world’s total population. Additional 
3–4 million people becoming newly infected annually and more than 350,000 people die 
each year due to HCV-related diseases. Primary HCV infection causes acute hepatitis 
(AHC), asymptomatic in majorities; however, it can progress to chronicity in about 55–85% 
cases and spontaneous remission within 6 months without treatment in 15–45% [1–3]. 
Chronic hepatitis C (CHC) frequently presents with complications such as liver cirrhosis, 
liver failure, and hepatocellular carcinoma (HCC). In CHC, 15–30% have risk of cirrho-
sis of liver within 20 years and risk of HCC in cirrhotic is approximately 2–4% per year. 
Decompensated cirrhosis leads to death in 50–70% of cases without liver transplantation 
after 5 years. Difficulties occur in determining number of new HCV infections, as most of 
the acute cases are not detected clinically. Less than 25% of acute cases of hepatitis C are 
only clinically apparent [1, 4–6].

Hepatitis C virus (HCV) is an envelope, single-stranded RNA virus of genus hepacivirus 
within the Flaviviridae family. HCV has seven genotypes (GT 1–7) with 67 subtypes and 
20 provisional subtypes [7]. Each genotype of HCV has its own geographical variation. 
GT-1 is the most prevalent worldwide, one third in East Asia followed by GT-3; GT-2, 4, 
and 6; and GT-5 is the least prevalent [8]. The prevalence of HCV GT-1 and 3 dominate in 
most of the countries irrespective of economic status while HCV GT-4 and 5 are prevalent 
largely in countries with lower income [7, 8]. HCV subtypes 1a and 1b are the most com-
mon genotypes in the United States and also in Europe while subtype 1b is predominant 
in Japan [9]. HCV subtypes 2a and 2b are relatively common in North America, Europe, 
and Japan, subtype 2c is common in Northern Italy. Although, GT-3 has endemic strain 
in South Asia, 3a is especially prevalent in intravenous drug abusers in Europe and in the 
United States. GT-4 is prevalent in North Africa and Middle East; GT-5 seems to be con-
fined to South Africa and GT-6 in Southeast Asia. A newly identified GT-7 isolated from a 
Central African (Congolese) immigrant in Canada [9]. The increased risk of HCV is highest 
among persons who inject drugs (PWID), global prevalence of HCV among PWID is 67%; 
HIV infected person, men who have sex with men (MSM); unsafe medical procedures-
recipients of infected blood products or invasive procedures in health care facilities with 
inadequate infection control practice. Vertical or perinatal transmission of HCV occurs in 
up to 4–8% of cases, and transmission risk among mothers of HIV infection is estimated 
17–25% [9–11].

The HCV infection is the public health problem and global burden, and the early diagnosis 
and treatment are necessary. The treatment of HCV infection was begun with the approval of 
interferon (IFN) by the Food and Drug Administration (FDA) in 1991, followed by combined 
IFN with ribavirin (RBV) in 1998 and then directly acting antiviral agents (Table 1). Until 
approval of directly acting antiviral agents, combination of pegylated interferon alfa (PegIFN 
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alfa) and ribavirin (RBV) was the standard treatment for all genotypic infections (Figure 1) 
[4, 12]. Over the past few years, the treatment options of HCV have exponentially grown. 
The development of directly acting antiviral (DAA) therapy, targeting non-structural proteins 
involved in replication of HCV revolutionised in the treatment of HCV infection. The com-
bination of DAAs with or without PegIFN alfa regimens is assessed in different studies, and 

Year Generic Genotypes (SVR)

1991 Interferon-alfa-2b

1996 Interferon-alfa-2a

1997 Consensus interferon

All standard interferon SVR rates (approximately) Genotype 1 (9%)
Genotypes 2, 3 (30%)

1998 Interferon-alfa plus ribavirin Genotype 1 (29%)
Genotypes 2, 3 (62%)

2001 PegInterferon-alfa-2b Genotype 1 (14%)
Genotypes 2, 3 (47%)

2001 PegInterferon-alfa-2b/ribavirin Genotype 1 (47%)
Genotypes 2–6 (75%)

2002 PegInterferon-alfa-2a Genotype 1 (28%)
Genotypes 2, 3 (56%)

2003 Pegylated alfa-2a/ribavirin Genotype 1 (51%)
Genotypes 2–6 (70%)
Genotypes 2, 3 (82%)

2011 Boceprevir/PEG/RBV Genotype 1 (66%)

2011 Telaprevir/PEG/RBV Genotype 1 (79%)

2013 Simeprevir/PEG/RBV Genotype 1 (up to 80%)

2013 Sofosbuvir/PEG/RBV Genotype 1 (up to 92%)
Genotype 4 (92%)

2013 Sofosbuvir/RBV Genotype 2 (up to 100%)
Genotype 3 (up to 92%)

2014 Sofosbuvir/simeprevir/RBV Genotype 1 (up to 92%)

2014 Sofosbuvir/ledipasvir Genotypes 1, 4, 5, 6 (up to 100%)

2014 Ombitasvir/paritaprevir/ritonavir/dasabuvir with/without RBV Genotype 1 (up to 100)

2015 Daclatasvir for use with sofosbuvir Genotype 3 (up to 98%)

2015 Ombitasvir, paritaprevir and ritonavir plus RBV Genotype 4 (up to 100%)

PEG, pegylated interferon by injection; RBV, ribavirin (pills), HCV inhibitors are pills; SVR, sustained virological 
response, SVR 12, 24-viral cure.
Reference: http://hcvadvocate.org/treatment/drug-pipeline/#Quick

Table 1. FDA approved medications for treatment of Hepatitis C infections.
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their efficacies in treatment of different HCV genotypes are evaluated individually. Recently, 
the combination of IFN-free DAAs regimens with or without ribavirin is evaluated as “All 
oral regimens” for treatment of HCV infection in different genotypes with better efficacy and 
tolerability [13]. The current treatment strategies for HCV are based on HCV genotyping; 
and HCV RNA load determination before, during, and after antiviral therapy; then selection 
of agents that are active against the isolated specific HCV genotype [4, 12, 14]. The aim of 
this review is to compare the efficacy of IFN-based and IFN-free regimens (DAAs combina-
tion therapy) on the basis of sustained virological response (SVR) rates in HCV genotypic 
infections.

2. Treatment

The primary goal of HCV treatment is to cure the infection. The obtaining sustained virologi-
cal response (SVR) is defined as undetectable HCV RNA in 12 weeks (SVR 12) or 24 weeks 
(SVR 24) after treatment completion. Cure rate, which achieves SVR, is more than 99%. SVR is 
generally associated with resolution of liver disease in patient without cirrhosis, but the patient 
with cirrhosis remains risk of life-threatening complications. However, the hepatic fibrosis 
may regress, and risk of complications like hepatic failure and portal hypertension is reduced. 
The risk of HCC and all causes of mortality are significantly reduced, nevertheless, not elimi-
nated in cirrhotic patients who clear HCV compared to untreated patients and non-sustained 

Figure 1. Combination of PegIFN-alfa and ribavirin for the treatment of HCV infections according to genotypes [4]. 
HCV, hepatitis C virus; RNA, ribonucleic acid; RVR, rapid virological response; DAAs, directly acting antivirals; cEVR, 
complete early virological response.
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virological responders [4, 15–17]. The endpoint of therapy is an SVR after therapy as assessed 
by sensitive molecular method with the lower limit of HCV RNA detection ≤15 International 
Units/ml (IU/ml) [4, 12, 14].

2.1. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotype 1 
infections

HCV genotype 1 infection is the most prevalent genotype among all genotypes [8]. So, the 
drug trials are also largely assessed on this genotype. Previously, the combination of PegIFN 
alfa with ribavirin was widely used. However, after the introduction of directly acting anti-
viral (DAA) agents, either they were used in combination with PegIFN and ribavirin or they 
were used in combination with themselves as two DAAs or four DAAs regimen. The efficacy 
and tolerability were superior to the previously standard regimen (PegIFN alfa and ribavirin) 
and also duration was significantly reduced from 24–72 to 12–24 weeks. The IFN-free regi-
mens were better preferred due to higher efficacy rate and fewer adverse effects compared 
to combination of PegIFN regimens. However, we cannot exclude the fact that PegIFN and 
ribavirin remain the ultimate option in setting where no other options are available [4, 12, 14]. 
The different regimens and their efficacy for treatment of genotype 1 infection are given in 
Table 2.

Treatment  
regimens

Naïve (SVR) Treatment-
experienced (SVR)

Partial 
responders

Null responders Relapsers

PegIFN alfa/
ribavirin

SVR 24/48: 42–46%
SVR: 49% in North 
America and 50% 
Western Europe

– – – –

PegIFN/RBV + 
boceprevir

SVR 24/44wks
(NB): 67–68%
(B): 42–53%

SVR32: 59–66%
SVR44: 88%

– – –

PegIFN/RBV + 
telaprevir
(in previously 
untreated patients)

T12PR: 75%
T8PR: 69%
T12PR24: 61%
T12PR48: 67%
PWID: 71%
Non-PWID: 72%

– 68% 46% –

PegIFN alfa/RBV + 
simeprevir

SVR12:
80% (overall)
(1a–71%
1b–90% )
NCN: 81%

– SVR 24: 
48–86% 
(1a-56%
1b-88%)
C: 82%
NCN: 70%

SVR 24: 38–59% 
(1a-42% 1b-58%)
C: 31%
NCN: 44%

SVR24:
77–89%
C: 73%
NCN: 79.2%

PegIFN alfa/RBV + 
sofosbuvir

SVR12: 89% (overall)
(1a-92%, 1b-82%)
C: 80%
SVR4: 85% (overall)
NC: 90%
C: 70%

SVR 12:
NC: 77%
C: 62%

– – –
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2.1.1. Pegylated interferon alpha and ribavirin

The combination of pegylated interferon alpha and ribavirin was a standard regimen previously 
in treatment of hepatitis C genotype 1 infection. The main drawback with this regimen was 
longer duration of treatment course, that is, 24–72 weeks. With this regimen, HCV genotype 
1 infected patient had SVR rates of approximately 40% in North America and 50% in Western 
Europe [18]. The SVR rate was comparatively lower in genotype 1 than other genotypes. The 

Treatment  
regimens

Naïve (SVR) Treatment-
experienced (SVR)

Partial 
responders

Null responders Relapsers

Sofosbuvir+ 
simeprevir

SVR12:
91% (+RBV)
95% (−RBV)
SVR12: 88% (NC)
75% (C)

SVR12: 87% (NC)
76% (C)

– Non-responders 
91%

–

Sofosbuvir + 
ledipasvir

SVR8 (NC):
94% (−RBV)
93% (+RBV)
95%(+RBV* 12wks)
SVR12:
99% (−RBV)
97% (+RBV)
SVR24:
98% (−RBV)
99% (+RBV)

SVR12 (overall):
94% (−RBV)
96% (+RBV)
SVR24:
99% (−RBV)
99% (+RBV)

– – –

Sofosbuvir+ 
daclatasvir

NC: 100% (±RBV)
Cirrhotic:
SVR12: 84.9%
SVR24: 93.4%

– – NC:
100%
(−RBV)
95%
(+RBV)

–

Sofosbuvir + 
velpatasvir

– SVR12 (overall):
98% (1a)
99% (1b)

– – –

Ritonavir-boosted 
paritaprevir, 
ombitasvir, 
dasabuvir ± RBV

SVR12-1a (NC):
95–97% (+RBV)
90% (−RBV)
91% (+HIV)
SVR12-1b (NC):
98–100% (−RBV)
97–100% (+RBV)
SVR12 (C):
92% (1a)
99% (1b)

SVR12 (NC):
96% (1a)
97% (1b)
CC:
SVR12: 92%
SVR24: 96%

NC: 100% NC: 95% NC: 95%

PegIFN alfa-pegylated interferon-alfa; RBV-ribavirin; T12PR-telaprevir, pegylated interferon-alfa and ribavirin for 
12 weeks; T12PR24-telaprevir, pegylated interferon-alfa and ribavirin for 12 weeks, then pegylated interferon-alfa 
and ribavirin for remaining 12 weeks (total 24 weeks); T12PR48-telaprevir, pegylated interferon-alfa and ribavirin for 
12 weeks then pegylated interferon alfa and ribavirin for remaining 36 weeks (total 48 weeks); NCN, non-cirrhotic naïve; 
C, cirrhotic; CC, compensated cirrhosis; NB, non-black patients; B, Black patients; PWID, people who inject drugs; SVR 
4/8/12/24/48, sustained virological response at 4 weeks, 8 weeks, 12 weeks, 24 weeks or 48 weeks; (+) RBV, with ribavirin; 
(−)RBV, without ribavirin; (±) RBV, with or without ribavirin

Table 2. Efficacy of IFN-based vs. IFN-free regimens for treatment of HCV genotype 1 infections.
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2.1.1. Pegylated interferon alpha and ribavirin

The combination of pegylated interferon alpha and ribavirin was a standard regimen previously 
in treatment of hepatitis C genotype 1 infection. The main drawback with this regimen was 
longer duration of treatment course, that is, 24–72 weeks. With this regimen, HCV genotype 
1 infected patient had SVR rates of approximately 40% in North America and 50% in Western 
Europe [18]. The SVR rate was comparatively lower in genotype 1 than other genotypes. The 
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94% (−RBV)
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94% (−RBV)
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Sofosbuvir+ 
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NC: 100% (±RBV)
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SVR12: 84.9%
SVR24: 93.4%

– – NC:
100%
(−RBV)
95%
(+RBV)

–

Sofosbuvir + 
velpatasvir

– SVR12 (overall):
98% (1a)
99% (1b)

– – –

Ritonavir-boosted 
paritaprevir, 
ombitasvir, 
dasabuvir ± RBV

SVR12-1a (NC):
95–97% (+RBV)
90% (−RBV)
91% (+HIV)
SVR12-1b (NC):
98–100% (−RBV)
97–100% (+RBV)
SVR12 (C):
92% (1a)
99% (1b)

SVR12 (NC):
96% (1a)
97% (1b)
CC:
SVR12: 92%
SVR24: 96%

NC: 100% NC: 95% NC: 95%

PegIFN alfa-pegylated interferon-alfa; RBV-ribavirin; T12PR-telaprevir, pegylated interferon-alfa and ribavirin for 
12 weeks; T12PR24-telaprevir, pegylated interferon-alfa and ribavirin for 12 weeks, then pegylated interferon-alfa 
and ribavirin for remaining 12 weeks (total 24 weeks); T12PR48-telaprevir, pegylated interferon-alfa and ribavirin for 
12 weeks then pegylated interferon alfa and ribavirin for remaining 36 weeks (total 48 weeks); NCN, non-cirrhotic naïve; 
C, cirrhotic; CC, compensated cirrhosis; NB, non-black patients; B, Black patients; PWID, people who inject drugs; SVR 
4/8/12/24/48, sustained virological response at 4 weeks, 8 weeks, 12 weeks, 24 weeks or 48 weeks; (+) RBV, with ribavirin; 
(−)RBV, without ribavirin; (±) RBV, with or without ribavirin

Table 2. Efficacy of IFN-based vs. IFN-free regimens for treatment of HCV genotype 1 infections.
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previous studies showed SVR of 42–46% infected with genotype 1, treated for 24 or 48 weeks 
[18, 19]. The HIV co-infected patients had SVR of 40% with this regimen [20]. This regimen 
is contraindicated in patients with uncontrolled depression, psychosis, or epilepsy, pregnant 
women or couples unwilling to comply with adequate contraception, severe concurrent medical 
diseases and co-morbidities including retinal disease, autoimmune thyroid disease, and decom-
pensated liver disease. In patient with hepatitis B co-infection, this regimen is used as monoin-
fected patients, although there is a potential risk of hepatitis B infection reactivation during 
HCV clearance [12].

2.1.2. Boceprevir in combination with pegylated interferon alfa and ribavirin

Boceprevir is a first generation NS3/4A protease inhibitors (PIs) approved by FDA in 2011. 
Introduction of PIs constituted a milestone in treating CHC infection, achieved SVR rates of 
up to 75% in naïve and 29–88% in treatment-experienced patients with GT-1 infection [21, 22]. 
However, low genetic barrier to resistance is the main limitation. Introduction of newer DAAs 
replaced the choice of this regimen. The phase 1 and 2 double blind studies carried out for 
untreated HCV genotype 1 infection in non-black and black populations who were treated for 
24–44 weeks showed SVR of 67–68 and 42–53%, respectively [23]. Another study of 403 patients 
previously treated with PegIFN alfa/RBV regimen, the triple therapy with boceprevir for 32–44 
weeks showed SVR of 59–66%. Among patients with an undetectable HCV RNA level at week 
8, SVR was 86 and 88% after 32 and 44 weeks of triple therapy, respectively [24]. A study done 
in 179 cases who inject drugs (PWID) versus non-PWID with this regimen showed SVR of 71 
and 72%, respectively. Among them, 53% were advanced stage (F3–4) and 44% were on antivi-
ral therapy [25]. The main side effect of this regimen was anaemia 21–46% for which erythro-
poietin has to be used or treatment had to discontinue 1–2% [24].

2.1.3. Telaprevir in combination with pegylated interferon alfa and ribavirin

Telaprevir is a first generation NS3/4A protease inhibitors (PIs) approved by FDA in 2011. 
Telaprevir, a protease inhibitor specific to the HCV non-structural 3/4A serine protease, 
rapidly reduced HCV RNA levels in early studies. A study with this regimen grouped into 
Telaprevir/PegIFN alfa/RBV (TPR) 12 weeks; T12PR24; and T12PR48 showed sustained viro-
logical response of 35, 61 and 67%, respectively [26]. In phase 3 trial with triple therapy in 
previously untreated genotype 1 infected cases showed T12PR and T8PR SVR of 75 and 69%, 
respectively [27]. Previously in non-responders and partial responders, the SVR of 44 and 
70%, respectively, was achieved [28]. A study done in 179 cases who inject drugs (PWID) ver-
sus non-PWID with this regimen showed SVR of 71 and 72%, respectively. Among them, 53% 
were advanced in stage F3–4 and 44% were on antiviral therapy [25]. The main adverse effect 
10–21% with telaprevir was anaemia, gastrointestinal side effect, and skin rash. Rash was the 
most common reason for discontinuation of therapy [26, 27].

2.1.4. Simeprevir in combination with pegylated interferon alfa and ribavirin

Simeprevir (TMC435) is an oral HCV NS3/4A protease inhibitor used in combination with 
PegIFN alfa and ribavirin to treat HCV genotype 1 infected patients. This combination is 
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generally well tolerated with potent antiviral activity and pharmacokinetic profile. In ASPIRE 
phase IIb trial done in previously treated patients with PegIFN and ribavirin, the SVR at 24 
weeks was 38–59% (1a-42 and 1b-58%) in prior null responders, 48–86% (1a-56 and 1b-88%) in 
prior partial responders, and 77–89% (no difference) in prior relapsed cases. There were same 
SVR rates in patient with or without Q80k polymorphism at baseline 60.9%. In patients with 
cirrhosis (METAVIR score F4), combination therapy with 150 mg of simeprevir had SVR rate 
at 24 weeks was 73% in prior relapsers, 82% in prior partial responders, and 31% in prior null 
responders [29]. Another phase 3 trial on partials and null responders showed SVR of 70 and 
44%, respectively [28]. According to QUEST 1 & 2 phase 3 study, overall SVR 12 in previously 
untreated and treated naïve patients was 81 (209/257) and 80% (1a-71 and 1b-90%). On sub-
type analysis, SVR rates on with or without Q80K polymorphism at baseline in 1a were 52–75 
and 80–85%, respectively, and 82% in 1b. The SVR rates were comparatively higher in F0–2 
83–85% than F3–4 66–70% [30, 31]. In patients who relapsed on previous therapy, the SVR 12 
was 79.2%. Among them, 92.7% were enabled to shorten therapy with PR at 24 weeks [32]. 
The cause of treatment failure with this regimen was viral breakthrough in 10.6–13%. The 
main side effects were fatigue, headache, pruritus, and influenza like illness and anaemia. 
Skin rash and photosensitivity were also very common with simeprevir [29–32].

2.1.5. Sofosbuvir in combination with pegylated interferon alfa and ribavirin

Sofosbuvir is a nucleotide analogue HCV NS5B polymerase inhibitor with similar in vitro 
activity against pan-HCV genotypes. This therapy is used for HCV pan-genotype infec-
tions (1–6 genotypes) treatment-naïve patients with or without cirrhosis but no evidence on 
treatment-experienced patients. In the NEUTRINO phase III trial in treatment-naïve patients, 
the overall SVR rate was 89% (259/291), 92% (207/225) for subtype 1a and 82% (54/66) for 
subtype 1b. Cirrhotic patients had a lower SVR rate than non-cirrhotic patients (80 vs. 92%, 
respectively) [33]. According to two large-scale US real-life studies, the overall SVR4 rate 
was 85% (140/164, treatment-naïve—55% and treatment-experienced—45%). SVR4 rate was 
90% (114/127) in non-cirrhotic compared to 70% (26/37) in cirrhotic patients [34]. In TRIO 
real-life study including treatment-naïve (58%) and treatment-experienced (42%), SVR12 was 
81 (112/138) and 81% (25/31) in non-cirrhotic and cirrhotic treatment-naïve patients, respec-
tively, and 77% (30/39) in non-cirrhotic treatment-experienced and 62% (53/85) in cirrhotic 
treatment-experienced patients [21].

2.1.6. Sofosbuvir and simeprevir plus ribavirin

In COSMOS study, the combination of sofosbuvir and simeprevir with or without ribavirin for 
12 or 24 weeks was assessed in naïve or null responders infected with genotype 1 patient with-
out severe fibrosis. SVR12 was achieved in 91% (98/108) with ribavirin vs. 95% (56/59) of those 
who did not. SVR rates were similar by treatment status, treatment-naïve 95% (38/40) vs. pre-
vious non-responders 91% (116/127) or treatment duration 94% (77/82) after 12 weeks vs. 91% 
(77/85) after 24 weeks. Neither ribavirin nor treatment duration had clear effect on sustained 
virological response in HCV-infected patients with Gln80Lys polymorphism at baseline [22]. 
In TRIO real-life study, SVR12 achieved in 88% (68/88) of non-cirrhotic treatment-naïve and 
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generally well tolerated with potent antiviral activity and pharmacokinetic profile. In ASPIRE 
phase IIb trial done in previously treated patients with PegIFN and ribavirin, the SVR at 24 
weeks was 38–59% (1a-42 and 1b-58%) in prior null responders, 48–86% (1a-56 and 1b-88%) in 
prior partial responders, and 77–89% (no difference) in prior relapsed cases. There were same 
SVR rates in patient with or without Q80k polymorphism at baseline 60.9%. In patients with 
cirrhosis (METAVIR score F4), combination therapy with 150 mg of simeprevir had SVR rate 
at 24 weeks was 73% in prior relapsers, 82% in prior partial responders, and 31% in prior null 
responders [29]. Another phase 3 trial on partials and null responders showed SVR of 70 and 
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83–85% than F3–4 66–70% [30, 31]. In patients who relapsed on previous therapy, the SVR 12 
was 79.2%. Among them, 92.7% were enabled to shorten therapy with PR at 24 weeks [32]. 
The cause of treatment failure with this regimen was viral breakthrough in 10.6–13%. The 
main side effects were fatigue, headache, pruritus, and influenza like illness and anaemia. 
Skin rash and photosensitivity were also very common with simeprevir [29–32].

2.1.5. Sofosbuvir in combination with pegylated interferon alfa and ribavirin

Sofosbuvir is a nucleotide analogue HCV NS5B polymerase inhibitor with similar in vitro 
activity against pan-HCV genotypes. This therapy is used for HCV pan-genotype infec-
tions (1–6 genotypes) treatment-naïve patients with or without cirrhosis but no evidence on 
treatment-experienced patients. In the NEUTRINO phase III trial in treatment-naïve patients, 
the overall SVR rate was 89% (259/291), 92% (207/225) for subtype 1a and 82% (54/66) for 
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90% (114/127) in non-cirrhotic compared to 70% (26/37) in cirrhotic patients [34]. In TRIO 
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81 (112/138) and 81% (25/31) in non-cirrhotic and cirrhotic treatment-naïve patients, respec-
tively, and 77% (30/39) in non-cirrhotic treatment-experienced and 62% (53/85) in cirrhotic 
treatment-experienced patients [21].

2.1.6. Sofosbuvir and simeprevir plus ribavirin

In COSMOS study, the combination of sofosbuvir and simeprevir with or without ribavirin for 
12 or 24 weeks was assessed in naïve or null responders infected with genotype 1 patient with-
out severe fibrosis. SVR12 was achieved in 91% (98/108) with ribavirin vs. 95% (56/59) of those 
who did not. SVR rates were similar by treatment status, treatment-naïve 95% (38/40) vs. pre-
vious non-responders 91% (116/127) or treatment duration 94% (77/82) after 12 weeks vs. 91% 
(77/85) after 24 weeks. Neither ribavirin nor treatment duration had clear effect on sustained 
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75% (41/55) of cirrhotic treatment-naïve patients, whereas 87 (64/74) and 76% (53/70) in non-
cirrhotic and cirrhotic treatment-experienced patients, respectively [21].

2.1.7. Sofosbuvir and ledipasvir plus ribavirin

Three phase III trials ION-1-3 have assessed the combination of sofosbuvir with ledipasvir, an 
NS5A inhibitor with or without ribavirin in genotype 1 infected populations. In naïve patients, 
including 16% compensated cirrhotic populations in ION-1 showed SVR12 in 99 (211/214) 
and 97% (211/217) patients after 12 weeks combination therapy without or with RBV, respec-
tively. The SVR12 rate was 98% (212/217) in without RBV and 99% (215/217) in with RBV after 
24 weeks [35]. In ION-3, non-cirrhotic treatment-naïve patients, SVR12 was 94% (202/215) with-
out RBV for 8 weeks, 93% (201/216) with RBV for 8 weeks, and 95% (205/216) without RBV for 
12 weeks. However, relapse rates were higher in 8 weeks compared to 12 weeks therapy [36]. In 
ION-2, in treatment-experienced patients including 20% cirrhotic patients, overall SVR12 rates 
were 94 (102/109) and 96% (107/111) without or with RBV, respectively. The SVR rates were 99 
(108/109) and 99% (110/111) without or with RBV after 24 weeks, respectively [37]. The differ-
ent phase III studies were not powered to compare responses to regimens with or without RBV 
or to 12 weeks or 24 weeks of treatment [38].

2.1.8. Sofosbuvir and daclatasvir

Daclatasvir is a potent, pan-genotypic NS5A inhibitor with antiviral activity against HCV 
genotypes 1–6 in vitro [39], combined with sofosbuvir for treatment of hepatitis C. In phase IIb 
trial in patient without cirrhosis, the 24 weeks of therapy achieved SVR rates of 100% (14/14 and 
15/15) without or with ribavirin, respectively, in treatment-naïve patients, and 100% (21/21) 
without ribavirin and 95% (19/21) with ribavirin non-responders to combination therapy of 
PegIFN alfa, ribavirin, and either telaprevir or boceprevir. Whereas SVR rates were achieved 
in 98% (40/41) of treatment-naïve without ribavirin after 12 weeks of therapy [40]. In phase II 
clinical trial, the efficacy of sofosbuvir plus daclatasvir with or without ribavirin for 12 or 24 
weeks has been evaluated in large real-life cohort including genotype 1 cirrhotic patients. The 
SVR12 rates were 84.9% after weeks and 93.4% after 24 weeks of treatment. However, major-
ity of analyses performed on data available after 4 weeks of follow up showed SVR4 rates of 
85.2% with 12 weeks and 95.1% with 24 weeks of treatment without RBV, whereas 100% with 
12 weeks and 98.7% with 24 weeks treatment with RBV [41]. In cirrhosis, the addition of RBV 
improved SVR, SVR4 of 76.5% with 12 weeks vs. 94% with 24 weeks without RBV treatment, 
which rose to 100 and 98.3%, respectively, with RBV. In non-cirrhotic patients, SVR4 achieved 
in all regardless of use of RBV or treatment duration. Without RBV, SVR4 in treatment-naïve 
after 12 or 24 weeks was 87.1 vs. 88.7%; however, rates increased to 100% (for both duration) 
with addition of RBV. In treatment-experienced patients, SVR4 without or with RBV after 12 
weeks was 82.6 vs. 100%, and after 24 weeks 96.7 vs. 98.5% [41].

2.1.9. Sofosbuvir and velpatasvir

Velpatasvir is a new pangenotypic HCV NS5A inhibitor with antiviral activity against HCV 
replicons in genotype 1–6 infections. The combination of sofosbuvir and velpatasvir for 
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12 weeks has been assessed in ASTRAL phase 3 trial in previously treatment-experienced 
patients (PegIFN/RBV with PIs) including cirrhosis, relapsed cases, patients who had detect-
able HCV RNA after PegIFN and ribavirin treatment. The overall sustained virological 
response rate was 98% in subtype 1a and 99% in subtype 1b infected patients [42]. In phase 
II trial in treatment-experienced patients including 50% cirrhosis and treatment failure, the 
combination of sofosbuvir and velpatasvir with or without ribavirin was assessed. The SVR 
showed 100% in without ribavirin and 96% in with ribavirin treatment patients [43]. The over-
all relapse rate was very low, and this regimen was well tolerated in treatment-experienced 
patient including cirrhosis [42, 43].

2.1.10. Ritonavir boosted paritaprevir, ombitasvir, and dasabuvir

In seven phase III trials, in non-cirrhotic treatment-naïve patients, SAPPHIRE-I trial with 
combination therapy with RBV for 12 weeks showed SVR of 95% (307/322) in subtype 1a and 
98% (148/151) in subtype 1b infected patients [44]. In PEARL-IV trial, the combination therapy 
without or with RBV showed SVR of 90 (185/205) vs. 97% (197/100) in subtype 1a treatment-
naïve patients, respectively [45]. In PEARL-III trial in non-cirrhotic treatment-naïve of sub-
type 1b patients, SVR12 rates were 99% (207/209) without RBV vs. 99% (209/210) with RBV 
[45]. TURQUOISE-I study in non-cirrhotic treatment-naïve patients co-infected with HIV-1 
(stable on antiviral treatment – atazanavir or raltegravir), SVR12 rates were 93% (29/31) after 
12 weeks vs. 91% (29/32) after 24 weeks of treatment. The SVR12 rates based on subtypes 1a 
and 1b were 91 (51/56) and 100% (7/7), respectively [46]. In SAPPHIRE-II trial, non-cirrhotic 
treatment-experienced patients (PegIFN-alfa and RBV failures) were treated with this regi-
men in combination with RBC for 12 weeks. The SVR12 rates were 96% (166/173) in subtype 
1a vs. 97% (119/123) in subtype 1b. The overall SVR12 rates were 95% (82/86) in prior relaps-
ers, 100% (65/65) in partial responders, and 95% (139/146) in null responders [47]. In PEARL-II 
trial, SVR12 achieved in 100% (91/91) without RBV vs. 97% (85/88) with RBV in subtype 1b 
infected patients [48]. In compensated cirrhotic treatment-naïve and treatment-experienced 
patients, the SVR rates were 92% (191/208) after 12 weeks vs. 96% (165/172) after 24 weeks of 
treatment with RBV in TURQUISE-II trial. The SVR12 rates were 92% (239/261) in subtype 1a 
vs. 99% (118/119) in subtype 1b infected patients [49].

2.2. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotype 2 
infections

HCV genotype 2 is the third most prevalent genotype worldwide [8]. Although PegIFN alfa 
with ribavirin used previously, IFN-free combination of sofosbuvir with ribavirin is the best 
first line treatment option in genotype 2 infection [12]. Other regimens, IFN-based or IFN-free 
could be an option in cases who fail with this regimen (Table 3). The combination of PegIFN 
alfa and ribavirin remains acceptable when all other options are not available [12, 14].

2.2.1. Pegylated interferon alfa and ribavirin

The initial treatment of HCV genotype 2 began with PegIFN alfa alone or combination of 
PegIFN alfa and ribavirin. Although sustained virological response rate was lower than recent 
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12 weeks has been assessed in ASTRAL phase 3 trial in previously treatment-experienced 
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2.1.10. Ritonavir boosted paritaprevir, ombitasvir, and dasabuvir

In seven phase III trials, in non-cirrhotic treatment-naïve patients, SAPPHIRE-I trial with 
combination therapy with RBV for 12 weeks showed SVR of 95% (307/322) in subtype 1a and 
98% (148/151) in subtype 1b infected patients [44]. In PEARL-IV trial, the combination therapy 
without or with RBV showed SVR of 90 (185/205) vs. 97% (197/100) in subtype 1a treatment-
naïve patients, respectively [45]. In PEARL-III trial in non-cirrhotic treatment-naïve of sub-
type 1b patients, SVR12 rates were 99% (207/209) without RBV vs. 99% (209/210) with RBV 
[45]. TURQUOISE-I study in non-cirrhotic treatment-naïve patients co-infected with HIV-1 
(stable on antiviral treatment – atazanavir or raltegravir), SVR12 rates were 93% (29/31) after 
12 weeks vs. 91% (29/32) after 24 weeks of treatment. The SVR12 rates based on subtypes 1a 
and 1b were 91 (51/56) and 100% (7/7), respectively [46]. In SAPPHIRE-II trial, non-cirrhotic 
treatment-experienced patients (PegIFN-alfa and RBV failures) were treated with this regi-
men in combination with RBC for 12 weeks. The SVR12 rates were 96% (166/173) in subtype 
1a vs. 97% (119/123) in subtype 1b. The overall SVR12 rates were 95% (82/86) in prior relaps-
ers, 100% (65/65) in partial responders, and 95% (139/146) in null responders [47]. In PEARL-II 
trial, SVR12 achieved in 100% (91/91) without RBV vs. 97% (85/88) with RBV in subtype 1b 
infected patients [48]. In compensated cirrhotic treatment-naïve and treatment-experienced 
patients, the SVR rates were 92% (191/208) after 12 weeks vs. 96% (165/172) after 24 weeks of 
treatment with RBV in TURQUISE-II trial. The SVR12 rates were 92% (239/261) in subtype 1a 
vs. 99% (118/119) in subtype 1b infected patients [49].

2.2. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotype 2 
infections

HCV genotype 2 is the third most prevalent genotype worldwide [8]. Although PegIFN alfa 
with ribavirin used previously, IFN-free combination of sofosbuvir with ribavirin is the best 
first line treatment option in genotype 2 infection [12]. Other regimens, IFN-based or IFN-free 
could be an option in cases who fail with this regimen (Table 3). The combination of PegIFN 
alfa and ribavirin remains acceptable when all other options are not available [12, 14].

2.2.1. Pegylated interferon alfa and ribavirin

The initial treatment of HCV genotype 2 began with PegIFN alfa alone or combination of 
PegIFN alfa and ribavirin. Although sustained virological response rate was lower than recent 
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newer regimens, this regimen remains acceptable for treatment of genotype 2 where other 
options are not available [12]. In randomised study, the sustained virological response rates 
were 62% (232/372) in 16 weeks vs. 75% (268/356) in 24 weeks treatment course. The chances 
of relapse rates were higher among 16 weeks than 24 weeks [50]. In phase IV single arm study, 
24 weeks therapy with this regimen in previously untreated naïve patients showed end of 
treatment (EOT) and SVR of 100 and 93%, respectively [51]. In phase III multicenter study in 
prior relapsers who were retreated for 24–48 weeks showed a sustained virological response 
rates of 53–81% in 48 weeks retreated patients vs. 75% in 24 weeks retreated patients [52].

2.2.2. Pegylated interferon alfa and ribavirin plus sofosbuvir

In LONESTAR-2 phase IIb study, in treatment-experienced patients infected with HCV 
genotype 2 patients including 14 with cirrhosis received therapy for 12 weeks, the sustained 
virological response rates were 96% [53]. Another study showed that the relapsed cases of 
sofosbuvir and ribavirin regimen treated for 12 weeks were retreated with this regimen for 
12 weeks, achieved SVR [54]. In phase II study in previously untreated naïve patients, the sus-
tained virological responses in 12 or 24 weeks treatment were 92% (23/25) [55]. The main side 
effects with this regimen were fatigue, headache, nausea, pain, and insomnia [55].

Treatment 
regimens

Naïve Treatment-experienced Partial responders Null responders Relapsers

PegIFN alfa/
ribavirin

SVR 24:
62% (16 weeks)
75% (24 weeks)
24 weeks therapy: 
SVR: 93%
EOT: 100%

SVR24:75%
SVR48: 53–81% (48 
weeks)

– – –

PegIFN/RBV + 
sofosbuvir

SVR12: 92% SVR12: 96% (overall) – – –

Sofosbuvir + 
ribavirin

SVR12:
93–100% (overall)
93–97%(NC)
83–100%(C)
SVR12:
82% (NC)
60% (C)
SVR16:
89% (NC)
78% (C)

SVR12:
91% (NC)
88% (C)
SVR12:
94% (overall)

- - -

Sofosbuvir + 
daclatasvir

SVR12:
92%

– – – –

Sofosbuvir + 
velpatasvir

– SVR12:
99% (overall)

– – –

PegIFN, pegylated interferon-alfa; RBV, ribavirin; EOT, end of treatment; SVR-12/16/24, sustained virological response 
at 12 weeks, 16 weeks and 24 weeks; NC, non-cirrhotic; C, cirrhotic.

Table 3. Efficacy of IFN-based vs. IFN-free regimens for treatment of HCV genotype 2 infections.

Comparative Study of IFN-Based Versus IFN-Free Regimens and Their Efficacy in Treatment of Chronic Hepatitis C...
http://dx.doi.org/10.5772/67214
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2.2.3. Sofosbuvir and ribavirin

This IFN-free combination therapy is the best first-line treatment option in HCV genotype 
2 infected patients [12]. In FISSION trial in treatment-naïve patients who were treated for 
12 weeks, the SVR was 95% (69/73). The virological response rate was higher in non-cirrhotic 
patients, 97 vs. 83% in cirrhotic patients [33]. In POSITRON trial, who were intolerant or ineli-
gible to IFN, treated for 12 weeks, SVR was 93% (101/109) [56]. The 12 vs. 16 weeks therapy 
was in FUSION trial showed SVR of 82 (32/39) vs. 89% (31/35) in non-cirrhotic and 60 (6/10) 
vs. 78% (7/9) in cirrhotic cases, respectively. The longer than 12 weeks therapy was beneficial 
in cirrhotic population [56]. In VALENCE trial, the treatment was given for 12 weeks in treat-
ment-naïve and treatment-experienced patients with or without cirrhosis. In treatment-naïve 
patients, the SVR rates were 97% (29/30) in without cirrhosis and 100% (2/2) in with cirrhosis. 
In treatment-experienced patients, SVR rates were 91 (30/33) vs. 88% (7/8) in without cirrhosis 
and with cirrhosis, respectively [57]. This combination therapy was well tolerated, and no 
virological breakthroughs were observed in treatment adherent patients [12].

2.2.4. Sofosbuvir and daclatasvir

Daclatasvir, NS5A replication complex inhibitor, is active against HCV genotype 2 in vitro. 
The combination of sofosbuvir with daclatasvir therapy was observed in phase II trial showed 
sustained virological response of 92% (24/26) after 12 weeks of therapy and overall 93% after 
24 weeks of therapy [40]. Based on data with other, 12 weeks is probably sufficient to treat 
more difficult-to-cure HCV genotypes. This regimen should be kept reserved for patients who 
failed with other options in HCV genotype 2 infections [12, 40].

2.2.5. Sofosbuvir and velpatasvir

In 2 phase III trial (open label studies), the combination of sofosbuvir (400 mg) and velpatasvir 
(100 mg) was assessed in patients infected with HCV genotype 2 who previously received 
treatment and who did not received previous treatment including compensated cirrhosis. 
The sustained virological response was achieved in 99% of cases with this regimen [58]. In 
ASTRAL phase III double blind trial in treatment-experienced patients including cirrho-
sis, treatment relapsed, and detectable HCV RNA under PegIFN and ribavirin therapy, the 
SVR12 was 100% in genotype 2 infected patients [42]. From the data available, this regimen 
was well tolerated with higher SVR in treatment of genotype 2 infection. However, these data 
have to be compared with the blind trials or studies.

2.3. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotype 3 
infections

There are four treatment options available for treatment of hepatitis C genotype 3 infection 
including one phase III trial drug (Table 4). The IFN-based combination therapy-PegIFN alfa 
and ribavirin regimen remains acceptable only in settings where none other options are avail-
able [12]. The triple combination of PegIFN alfa, ribavirin and sofosbuvir appears to be valu-
able even in, who failed on sofosbuvir and ribavirin combinations. However, it has to be done 
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2.2.3. Sofosbuvir and ribavirin

This IFN-free combination therapy is the best first-line treatment option in HCV genotype 
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In treatment-experienced patients, SVR rates were 91 (30/33) vs. 88% (7/8) in without cirrhosis 
and with cirrhosis, respectively [57]. This combination therapy was well tolerated, and no 
virological breakthroughs were observed in treatment adherent patients [12].

2.2.4. Sofosbuvir and daclatasvir

Daclatasvir, NS5A replication complex inhibitor, is active against HCV genotype 2 in vitro. 
The combination of sofosbuvir with daclatasvir therapy was observed in phase II trial showed 
sustained virological response of 92% (24/26) after 12 weeks of therapy and overall 93% after 
24 weeks of therapy [40]. Based on data with other, 12 weeks is probably sufficient to treat 
more difficult-to-cure HCV genotypes. This regimen should be kept reserved for patients who 
failed with other options in HCV genotype 2 infections [12, 40].

2.2.5. Sofosbuvir and velpatasvir

In 2 phase III trial (open label studies), the combination of sofosbuvir (400 mg) and velpatasvir 
(100 mg) was assessed in patients infected with HCV genotype 2 who previously received 
treatment and who did not received previous treatment including compensated cirrhosis. 
The sustained virological response was achieved in 99% of cases with this regimen [58]. In 
ASTRAL phase III double blind trial in treatment-experienced patients including cirrho-
sis, treatment relapsed, and detectable HCV RNA under PegIFN and ribavirin therapy, the 
SVR12 was 100% in genotype 2 infected patients [42]. From the data available, this regimen 
was well tolerated with higher SVR in treatment of genotype 2 infection. However, these data 
have to be compared with the blind trials or studies.

2.3. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotype 3 
infections

There are four treatment options available for treatment of hepatitis C genotype 3 infection 
including one phase III trial drug (Table 4). The IFN-based combination therapy-PegIFN alfa 
and ribavirin regimen remains acceptable only in settings where none other options are avail-
able [12]. The triple combination of PegIFN alfa, ribavirin and sofosbuvir appears to be valu-
able even in, who failed on sofosbuvir and ribavirin combinations. However, it has to be done 
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in larger population infected with HCV genotype 3 patients [54]. The IFN-free combination 
therapy—sofosbuvir and ribavirin—appears to be suboptimal particularly in cirrhotic HCV 
genotype 3 infected patients, although it is the best first line treatment option for genotype 2 
infection [12]. Sofosbuvir and daclatasvir with or without ribavirin are a new attractive option 
for patients infected with genotype 3. Ledipasvir is considerably less potent against genotype 
3 in vitro than daclatasvir. In clinical trials, the combination of ledipasvir with sofosbuvir or 
other agents is not recommended in patients infected with HCV genotype 3 [12, 14].

2.3.1. Pegylated interferon alfa and ribavirin

This combination therapy remained acceptable for treatment of genotype 3 infections until 
the development of other regimens with higher sustained virological response and also in 
setting where other options are not available [12]. In this regimen, the treatment is given for 
24 weeks in genotype 3 infected patients. In phase 4 single arm study in 182 HCV genotype 3 

Treatment 
regimens

Naïve Treatment-experienced Partial 
responders

Null 
responders

Relapsers

PegIFN alfa/
ribavirin

24 weeks:
SVR-79%
EOT-93%

– – – –

PegIFN/RBV + 
sofosbuvir

– SVR12: 83% (+C) – – SVR12: 91%

Sofosbuvir and 
ribavirin

SVR12:
56–61% (overall)
61% (NC)
34% (C)
SVR12 vs. SVR16:
30 vs. 62% (NC)
19 vs. 61% (C)
SVR24:
94%(NC)
92%(C)

SVR24:
80% (overall)
87% (NC)
60% (C)

– – SVR24:
63%

Sofosbuvir and 
daclatasvir

SVR24:
89% (NC)
SVR12 (−RBV):
97% (NC)
58% (C)

SVR12 (−RBV):
94% (NC)
69% (C)

– – –

Sofosbuvir and 
velpatasvir

SVR12 (overall):
95%
SVR12 (NC):
100% (±RBV)
SVR12 (C):
88% (−RBV)
96% (+RBV)

– – –

PegIFN, pegylated interferon-alfa; RBV, ribavirin; SVR 12/24, sustained virological response at 12 weeks and 24 weeks; 
EOT, end of treatment; NC, non-cirrhotic; C, cirrhotic.

Table 4. Efficacy of IFN-based vs. IFN-free regimens for treatment of HCV genotype 3 infections.

Comparative Study of IFN-Based Versus IFN-Free Regimens and Their Efficacy in Treatment of Chronic Hepatitis C...
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infected population and treatment was given with this regimen for 24 weeks; the overall sus-
tained virological response rate was observed and also at end of treatment (EOT). It showed 
EOT and SVR were of 93 and 79%, respectively [51]. Baseline viremia, treatment duration 
>16 weeks, and steatosis were independent predictors of SVR. The relapsed rate were higher 
among male and older age >55 years [51].

2.3.2. Pegylated interferon alfa and ribavirin plus sofosbuvir

In LONESTAR-2 phase IIb trial, in treatment-experienced patients infected with HCV gen-
otype 3, the sustained virological response rate was 83% (20/24) including (10/12) patients 
with cirrhosis [53]. However, pangenotypic activity of sofosbuvir together with higher SVR in 
other genotypes 89% (overall in genotype 1, 4 or 6) indicates this regimen can be safely used 
in patients with genotype 3 infections [53]. In phase 2 trial, in non-cirrhotic treatment-naïve 
patients were treated for 12 weeks, the sustained virological response was achieved in 92% 
(23/25) cases [55]. In another study, patients who relapsed after treatment with sofosbuvir and 
ribavirin regimens were retreated with this triple combination therapy for 12 weeks, and the 
SVR was achieved in 91% (20/22) cases [54].

2.3.3. Sofosbuvir and ribavirin

The combination of sofosbuvir with daily fixed dose ribavirin is used for treatment of geno-
type 3 infection for 24 weeks. In FISSION trial, in treatment-naïve patients who were treated for 
12 weeks, the SVR rate was 56% (102/183). The non-cirrhotic patients had better SVR of 61 vs. 34% 
in cirrhotic patients [33]. In POSITRON trial, patients were also treated for 12 weeks with this 
regimen who were ineligible or intolerant to interferon. The SVR rate was 61% (60/98) of cases. 
In FUSION trial, the 12 vs. 16 weeks treatment was compared. The SVR rate was significantly 
higher, 62% in non-cirrhotic and 61% in cirrhotic patients with 16 weeks treatment compared to 
30% in non-cirrhotic and 19% in cirrhotic patient with 12 weeks treatment [56]. In VALENCE trial, 
treatment was given for 24 weeks in both treatment-naïve and treatment-experienced without or 
with cirrhosis. In treatment- naïve, the SVR24 was 94% (86/92) in non-cirrhotic and 92% (12/13) in 
cirrhotic patients. Whereas, in treatment-experienced, SVR 24 was 87% (87/100) in non-cirrhotic 
and 60% (27/45) in cirrhotic patients [57]. So based on these studies, 24 weeks treatment is appro-
priate for the HCV genotype 3 infected patients. Another study, in relapsed cases with sofosbuvir 
and ribavirin, patients were retreated for 24 weeks, achieved SVR only of 63% (24/38) of cases, 
indicating the regimen is suboptimal in such patients with HCV genotype 3 infection [54].

2.3.4. Sofosbuvir and daclatasvir

In treatment of HCV genotype 3 infected patients, this regimen is given for 12 weeks in 
non-cirrhotic patients and 24 weeks with daily weight-based ribavirin for 24 weeks in cir-
rhotic patients. In phase IIb trial, after 24 weeks of combination therapy, SVR rate was 89% 
(16/18) in treatment-naïve without cirrhosis [40]. In ALLY-3 phase III trial, after 12 weeks 
of combination therapy without ribavirin, SVR12 was 97% (73/75) in non-cirrhotic and 58% 
(11/19) in cirrhotic treatment-naïve patients, whereas SVR12 was 94 (32/34) and 69% (9/13) 
in treatment-experienced patients without or with cirrhosis, respectively [59]. This regimen 
was well tolerated with rare adverse events, and none of them discontinued treatment [12].
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indicating the regimen is suboptimal in such patients with HCV genotype 3 infection [54].

2.3.4. Sofosbuvir and daclatasvir

In treatment of HCV genotype 3 infected patients, this regimen is given for 12 weeks in 
non-cirrhotic patients and 24 weeks with daily weight-based ribavirin for 24 weeks in cir-
rhotic patients. In phase IIb trial, after 24 weeks of combination therapy, SVR rate was 89% 
(16/18) in treatment-naïve without cirrhosis [40]. In ALLY-3 phase III trial, after 12 weeks 
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2.3.5. Sofosbuvir and velpatasvir

In phase II trial, the combination of sofosbuvir (400 mg) and velpatasvir (100 mg) with 
or without daily fixed dose ribavirin for 12 weeks was assessed in treatment-experienced 
patients with or without cirrhosis infected with HCV genotype 3. The sustained virological 
response was achieved 100% with or without ribavirin in non-cirrhotic patients. However, 
SVR of 88% without ribavirin and 96% with ribavirin was achieved in compensated cir-
rhotic patients [43]. In another 2 phase III trial (open label studies), in patients infected with 
genotype 3 who have previously received treatment and who did not receive treatment 
including compensated cirrhosis, 12 weeks of this regimen without ribavirin achieved SVR 
of 95% [58]. Based on these studies, this regimen was well tolerated in treatment of HCV 
genotype 3 infections.

2.4. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotype 4 
infections

There are seven treatment options available for treatment of hepatitis C genotype 4 infections, 
including two IFN-based regimens and four IFN-free regimens (Table 5). The combination of 
PegIFN alfa and ribavirin remains acceptable only in that case where other options are not 
available [12].

Treatment regimens Naïve Treatment-experienced Partial 
responders

Null 
responders

Relapsers

PegIFN alfa/
ribavirin

SVR24: 29%
SVR36: 66%
SVR48: 69%

PegIFN/RBV + 
simeprevir

SVR24: 93% – SVR48: 60% SVR48: 40% SVR24: 86%

PegIFN/RBV + 
sofosbuvir

SVR 12: 96% – – – –

Sofosbuvir + 
simeprevir

SVR12:
>98% (F1–2)
80–97.7% (F3–4)

SVR12:
98–100% (F1–2)
88–94.7% (F3–4)

– – –

Sofosbuvir+ 
ledipasvir

SVR12: 95%
(−RBV)

– – – –

Sofosbuvir+ 
daclatasvir

– – – - -

Sofosbuvir and 
velpatasvir

– SVR12 (overall): 100% (+C/R) – – –

Ritonavir boosted 
paritaprevir, 
ombitasvir

SVR12:
100% (+RBV)
90.9% (−RBV)

SVR12 (+RBV): 100% – – –

PegIFN, pegylated interferon-alfa; RBV, ribavirin; SVR 12/24/36/48, sustained virological response at 12 weeks, 24 weeks, 
36 weeks and 48 weeks; (+)C/R, with cirrhosis and relapse; (−)RBV, with ribavirin; (+) RBV, with ribavirin.

Table 5. Efficacy of IFN-based vs. IFN-free regimens for treatment of HCV genotype 4 infections.
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2.4.1. Pegylated interferon alfa and ribavirin

The combination of PegIFN alfa and ribavirin is still the option for treatment of HCV genotype 4 
when other options are not available [12]. In prospective randomise controlled trial, the combina-
tion of PegIFN alfa and ribavirin was used for 24–48 weeks. The sustained virological response 
rates were 29 vs. 66 vs. 69% in 24 vs. 36 vs. 48 weeks of treatment, respectively [60].

2.4.2. Pegylated interferon alfa and ribavirin plus simeprevir

Simeprevir is active against HCV genotype 4 in vitro. So, this combination therapy can be used 
in genotype 4 infection. However, the duration of therapy is 24 weeks (SPR 12 + PR 12 weeks) 
in treatment-naïve or prior relapsers including cirrhosis and 48 weeks (SPR12 + PR 36 weeks) in 
prior partial or null responders including cirrhosis. In phase III study, SVR12 was achieved in 
83% (29/35) in treatment-naïve patients, 86% (19/22) in prior relapsers, 60% (6/10) in prior par-
tial responders, and 40% (16/40) in prior null responders. This regimen was effective in treat-
ment-naïve and prior relapsers, however, suboptimal in prior partial and null responders [61].

2.4.3. Pegylated interferon alfa and ribavirin plus sofosbuvir

In NEUTRINO phase III in treatment-naïve patients, this combination therapy for 12 weeks 
was evaluated. The SVR rate was 96% (27/28) in HCV genotype 4 infected patients [33]. Those 
who failed in this combination therapy did not select HCV variants resistant to sofosbuvir. No 
data were available in treatment-experienced or HIV-coinfected patients [12].

2.4.4. Sofosbuvir and ledipasvir

Sofosbuvir in combination with ledipasvir is used in treatment-naïve and treatment-experienced 
patients with or without cirrhosis for 12 weeks. Addition of ribavirin to this therapy has ben-
eficial effect in cirrhotic individuals. In SYNERGY trial, efficacy and safety of combination of 
sofosbuvir and ledipasvir without ribavirin are assessed in patient with genotype 4 infection. 
The sustained virological response was achieved in 95% (20/21) of cases [62]. The shorter 8 weeks 
treatment duration as in patients infected with genotype 1 infections is not clear due to lack of 
data in genotype 4 infected cases [12].

2.4.5. Sofosbuvir and simeprevir

The unavailability of data on treatment of HCV genotype 4 infection had questioned the 
use of this IFN-free regimen (sofosbuvir plus simeprevir) as an option previously, however, 
according to a very recently published two studies, sofosbuvir (SOF) plus simeprevir (SIM) 
regimen with or without ribavirin, can be a good option in treating HCV genotype 4 infected 
cases [12, 63, 64]. A retrospective multicentre observational study in 53 patients (naïve or 
experienced patients) including advanced liver fibrosis or liver cirrhosis treated with SOF and 
SIM with or without ribavirin showed a SVR12 of 92% (49/53). In this study, treatment failures 
were observed in those who didn’t receive ribavirin and interferon non-responders except one 
naïve patient [63]. Another multicentre observational study in 583 patients infected with HCV 

Advances in Treatment of Hepatitis C and B64



2.4.1. Pegylated interferon alfa and ribavirin

The combination of PegIFN alfa and ribavirin is still the option for treatment of HCV genotype 4 
when other options are not available [12]. In prospective randomise controlled trial, the combina-
tion of PegIFN alfa and ribavirin was used for 24–48 weeks. The sustained virological response 
rates were 29 vs. 66 vs. 69% in 24 vs. 36 vs. 48 weeks of treatment, respectively [60].

2.4.2. Pegylated interferon alfa and ribavirin plus simeprevir

Simeprevir is active against HCV genotype 4 in vitro. So, this combination therapy can be used 
in genotype 4 infection. However, the duration of therapy is 24 weeks (SPR 12 + PR 12 weeks) 
in treatment-naïve or prior relapsers including cirrhosis and 48 weeks (SPR12 + PR 36 weeks) in 
prior partial or null responders including cirrhosis. In phase III study, SVR12 was achieved in 
83% (29/35) in treatment-naïve patients, 86% (19/22) in prior relapsers, 60% (6/10) in prior par-
tial responders, and 40% (16/40) in prior null responders. This regimen was effective in treat-
ment-naïve and prior relapsers, however, suboptimal in prior partial and null responders [61].

2.4.3. Pegylated interferon alfa and ribavirin plus sofosbuvir

In NEUTRINO phase III in treatment-naïve patients, this combination therapy for 12 weeks 
was evaluated. The SVR rate was 96% (27/28) in HCV genotype 4 infected patients [33]. Those 
who failed in this combination therapy did not select HCV variants resistant to sofosbuvir. No 
data were available in treatment-experienced or HIV-coinfected patients [12].

2.4.4. Sofosbuvir and ledipasvir

Sofosbuvir in combination with ledipasvir is used in treatment-naïve and treatment-experienced 
patients with or without cirrhosis for 12 weeks. Addition of ribavirin to this therapy has ben-
eficial effect in cirrhotic individuals. In SYNERGY trial, efficacy and safety of combination of 
sofosbuvir and ledipasvir without ribavirin are assessed in patient with genotype 4 infection. 
The sustained virological response was achieved in 95% (20/21) of cases [62]. The shorter 8 weeks 
treatment duration as in patients infected with genotype 1 infections is not clear due to lack of 
data in genotype 4 infected cases [12].

2.4.5. Sofosbuvir and simeprevir

The unavailability of data on treatment of HCV genotype 4 infection had questioned the 
use of this IFN-free regimen (sofosbuvir plus simeprevir) as an option previously, however, 
according to a very recently published two studies, sofosbuvir (SOF) plus simeprevir (SIM) 
regimen with or without ribavirin, can be a good option in treating HCV genotype 4 infected 
cases [12, 63, 64]. A retrospective multicentre observational study in 53 patients (naïve or 
experienced patients) including advanced liver fibrosis or liver cirrhosis treated with SOF and 
SIM with or without ribavirin showed a SVR12 of 92% (49/53). In this study, treatment failures 
were observed in those who didn’t receive ribavirin and interferon non-responders except one 
naïve patient [63]. Another multicentre observational study in 583 patients infected with HCV 
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genotype 4 showed the overall SVR rates of 95.7% (558/583) with SOF/SIM regimen. Based 
on fibrosis stages in naïve patients, mild fibrosis score had better SVR12 of 98.9% (94/95) in 
F1 and 98.1% (105/107) in F2 stage than severe fibrosis score with SVR12 of 97.7% (86/88) in 
F3 and 80.8% (42/52) in F4 stage. While in treatment-experienced patients with severe fibrosis 
score, SVR12 was 94.7% (72/76) in F3 and 88.9% (40/45) in F4 stage. In addition, patients who 
were previously treated with interferon had SVR of 100% (45/45) in F1 and 98.7% (74/75) in 
F2 mild fibrosis score [64]. Therefore, this regimen can be efficacious and well tolerated in 
treatment-naïve and experienced patients including severe fibrosis score or liver cirrhosis. 
Furthermore, the addition of ribavirin could be considered especially in treatment-experi-
enced and advanced cirrhosis patients as recommended by recent AASL and EASL guidelines 
[12, 14, 63, 64].

2.4.6. Sofosbuvir and daclatasvir

Daclatasvir has its antiviral activity against genotype 4 in vitro. The combination of sofosbuvir 
and daclatasvir with or without ribavirin is effective in treating patients infected with HCV gen-
otype 4. However, there is no data available with this combination in treatment of this genotype. 
Nevertheless, both sofosbuvir and daclatasvir have antiviral effectiveness against genotype 4 in 
vitro. So, the results in patients infected with genotype 1 can be extrapolated [12].

2.4.7. Sofosbuvir and velpatasvir

Velpatasvir and sofosbuvir have a pangenotypic action for treatment of HCV genotype 1–6 
infections. The combination of sofosbuvir and velpatasvir assessed in ASTRAL phase 3 trial 
in previously treatment-experienced patients (PegIFN/RBV with PIs) including cirrhosis, 
relapsed cases, patients who had detectable HCV RNA after PegIFN and ribavirin treatment. 
The overall sustained virological response rate was 100% in genotype 4 infected patients. The 
overall relapse rate was very low, and this regimen was well tolerated in treatment-experi-
enced patient including cirrhosis [42].

2.4.8. Ritonavir-boosted paritaprevir and ombitasvir

A fixed dose ritonavir, paritaprevir, and ombitasvir with or without ribavirin treatment for 
12–24 weeks were assessed in treatment-naïve and treatment-experienced patients with or 
without compensated cirrhosis infected with HCV genotype 4. According to PEARL-I trial in 
non-cirrhotic chronic HCV genotype 4 infected patients, sustained virological response rates 
were 100% in treatment-naïve (42/42) and treatment-experienced patients (49/49) with ribavi-
rin regimen, whereas 90.9% (40/44) in treatment-naïve patients without ribavirin regimen for 
12 weeks [65]. In AGATE-I trial with a fixed dose ritonavir, paritaprevir, and ombitasvir plus 
ribavirin in chronic HCV genotype 4 infected treatment-naïve and treatment-experienced 
patients including compensated cirrhosis, post-treatment sustained virological response rates 
were 97% (57/59) in 12 weeks and 98% (60/61) in 16 weeks group [66]. In addition, AGATE-II 
trial in Egyptian patients, SVR12 was 94% (94/100) in patients without cirrhosis, whereas 
SVR12 of 97% (30/31) and SVR24 of 93% (27/29) in patients with cirrhosis [67]. Extension 
of this treatment regimen beyond 12 weeks (16 and 24 weeks) for HCV genotype 4 infected 
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patients with compensated cirrhosis seemed to have no additional benefits [66, 67]. This regi-
men was generally well tolerated by chronic HCV genotype 4 infected patients with or with-
out compensated cirrhosis in clinical trials, so this regimen is a valuable option, although 
having postmarking reports of hepatic decompensation and hepatic failure mainly in patients 
with advanced cirrhosis [68].

2.5. Efficacy of IFN-based versus IFN-free regimens for treatment of HCV genotypes 5 or 6 
infections

HCV genotype 5 is the least prevalent worldwide and then genotype 6 infection [8]. The 
treatment options for these genotypes are one IFN-based triple combination of PegIFN alfa, 
ribavirin, and sofosbuvir; and three IFN-free combination therapy: sofosbuvir and ledipasvir, 
sofosbuvir and daclatasvir, and sofosbuvir and velpatasvir (Table 6). IFN-based combination 
of PegIFN-alfa and ribavirin remains acceptable in setting where other treatment options are 
not available [12].

2.5.1. Pegylated interferon alfa and ribavirin plus sofosbuvir

In NEUTRINO phase III trial, this combination therapy has been evaluated in treatment-
naïve patients. There were total seven patients (one infected genotype 5 and six infected with 
genotype 6), all patients achieved sustained virological response [33]. However, no data have 
been presented with this regimen in treatment-experienced patients. So, it is not clear whether 
longer duration of treatment is needed [12].

2.5.2. Sofosbuvir and ledipasvir

Ledipasvir is active against both genotype 5 or 6 in vitro. The combination of sofosbuvir 
and ledipasvir is used in treatment of these genotypes. Those patients without cirrhosis, 

Treatment 
Regimens

Naïve Treatment-experienced Partial responders Null 
responders

Relapsers

PegIFN/RBV + 
sofosbuvir

SVR12: 90% – – – –

Sofosbuvir and 
ledipasvir

SVR (GT-5): 95%
SVR12 (TN+TE): 96% 
(overall)

SVR (GT-5): 95% – – –

Sofosbuvir and 
daclatasvir

– – – – –

Sofosbuvir and 
velpatasvir

SVR12 (overall): 96% SVR12 (overall):
97% (GT-5)
100% (GT-6)

– – –

PegIFN, pegylated interferon alfa; RBV, ribavirin; GT-5, genotype 5; GT-6, genotype 6; SVR12, sustained virological 
response at 12 weeks; TN+TE, treatment-naïve and treatment-experienced.

Table 6. Efficacy of IFN-based vs. IFN-free regimens for treatment of HCV genotype 5 or 6 infections.
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including treatment-naïve and treatment-experienced should be treated for 12 weeks with-
out ribavirin. Addition of ribavirin is recommended in cirrhotic cases. However, 24 weeks 
combination of sofosbuvir and ledipasvir is recommended, when ribavirin is contraindicated 
or with poor tolerance [12]. In multicentre open label phase II trial, in treatment-naïve and 
treatment-experienced patients infected with genotype 5 including cirrhosis, the overall SVR 
was 95% (39/42). The SVR was 95% (20/21) in treatment-naïve and 95% (19/20) in treatment-
experienced patients. However, SVR was 97% (31/32) in non-cirrhotic vs. 89% (8/9) in cirrhotic 
patients [69]. In phase 2 clinical trial, in treatment-naïve and treatment-experienced patients 
infected with HCV genotype 6, the 12 weeks treatment with this regimen without ribavirin 
had a sustained virological response of 96% (24/25) [12, 70].

2.5.3. Sofosbuvir and daclatasvir

Daclatasvir and sofosbuvir are active against genotype 5 or 6 in vitro. This regimen is given 
for 12 weeks with or without ribavirin in these genotypes. However, in cirrhotic patients 
with contraindications or intolerance to ribavirin, combination therapy can be extended to 
24 weeks. There were no data available with this regimen for these rare genotypes [12].

2.5.4. Sofosbuvir and velpatasvir

The combination of sofosbuvir (400 mg) and velpatasvir (100 mg) for 12 weeks was assessed in 
ASTRAL phase III trial for treatment of genotypes 5 and 6. In this double blind, placebo con-
trolled trial, patients were previously treatment-experienced (PegIFN and ribavirin or PegIFN, 
ribavirin and protease inhibitors), relapsed cases, and who had persistent detectable HCV RNA 
on PegIFN alfa and ribavirin therapy. The sustained virological response achieved in patients 
infected with genotypes 5 and 6 were 97 and 100%, respectively. This regimen was well tolerated, 
with very low failure rate in treatment of HCV genotype 5 and 6 infections [42]. In another ran-
domised trial, the overall sustained virological response was 95% in treatment-naïve patients [71].

3. Discussion

The development of DAAs was the milestone in the treatment of chronic hepatitis C, and their 
combination therapy became the first option for almost all genotypes. However, the IFN-based 
combination therapies have their own role in treatment of chronic hepatitis C infections when 
DAAs combination regimens are unavailable or fails [12]. In genotype 1 infections, the IFN-
based combination therapy: PegIFN alfa, RBV, and simeprevir, and PegIFN, RBV, and sofosbuvir 
combination had higher overall SVR of 60–90% including relapsers or partial/null responders 
compared to other three regimens. In IFN-free regimens, all the DAAs combination regimens 
(2/4 DAAs ± RBV) have overall SVR of above 90% [12, 14]. The combination of sofosbuvir with 
ledipasvir or daclatasvir velpatasvir or 4DAAs (ritonavir, paritaprevir, ombitasvir, & dasabuvir) 
had superior SVR rates compared to IFN-based regimens [35, 36, 40, 42, 44]. In HCV genotype 2 
infections, though PegIFN alfa with RBV and sofosbuvir has higher SVR >90%, the combination 
of sofosbuvir and ribavirin is the first line regimen for its treatment [33]. Although combination 
of sofosbuvir with daclatasvir or velpatasvir has SVR > 90%, they are reserved for treatment 
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failed options with first line drugs [40–43]. In genotype 3 infections, the combination of sofosbu-
vir and ribavirin is suboptimal [54], so IFN-based PegIFN/RBV/SOF regimen or IFN-free com-
bination of SOF and daclatasvir becomes the choice of treatment [40, 54, 59]. The phase 3 trials, 
sofosbuvir and velpatasvir have higher SVR, so it might be the choice of regimen in future [43, 
58]. In genotype 4 infections, IFN-based PegIFN, RBV with simeprevir or sofosbuvir have SVR > 
90% in treatment-naïve cases. However, SVR in partial or null responders is suboptimal [33, 61]. 
The IFN-free two DAAs or three DAAs with or without RBV has overall SVR > 90%, although 
no data available for partial or null responders or relapsers cases [42, 62, 65, 72]. In genotype 5 
or 6 infections, IFN-based PegIFN/RBV/SOF has SVR of 90% in treatment-naïve [33]. However, 
two DAAs combinations have better SVR of > 95% [12, 43, 69, 70]. In this review, it showed that 
IFN-free DAAs regimens have better SVR and well tolerated compared to IFN-based regimen. 
The combination of DAAs with or without ribavirin has almost replaced the IFN-based combina-
tion therapy in present context. Nevertheless, we cannot exclude the fact that the combination of 
PegIFN alfa and ribavirin still leaves us an ultimate option in setting where all other options are 
not available [12, 14].

4. Conclusion

The combination of IFN-free DAAs regimens has superior in their efficacy and tolerability 
compared to IFN-based regimens in case of treatment of chronic hepatitis C in all genotypes. 
However, in genotypes 3, 4, 5 or 6, the IFN-based combination of pegylated interferon alfa, 
ribavirin, and sofosbuvir can be an option in case of treatment failure with DAAs first line 
regimens. Nevertheless, this is not mentioned in the retreatment guidelines, and this is just an 
assumed recommendation that needs to be evaluated in trials.
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Abstract

In this chapter, we review the history of HCV infection in patients with liver cirrhosis.
Selection of appropriate regimens for HCV-infected patients with cirrhosis, consistent
with approved indications, practice guidelines, and emerging data is presented. Finally,
this chapter explains individualization of therapy to maximize SVR rates in HCV-infected
patients with cirrhosis and to critically appraise the role of newer agents and regimens in
the management of HCV-infected patients with cirrhosis.
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1. Introduction

Hepatitis C virus (HCV) is the leading cause of liver cirrhosis and hepatocellular carcinoma
(HCC) [1]. It remains the main indication for liver transplantation in North America and Europe
[2]. The indication for liver transplantation has changed in the past two decades where NASH
surpasses HBV to become the second most common cause of liver transplantation but HCV
remains unchanged.

Chronic hepatitis C infection in patients with cirrhosis escalates the chances of developing
severe liver-related complications, including hepatic decompensation, hepatocellular cancer
and subsequently, death. It is been a matter of large debate whether to treat cirrhotic patients
and what could be the potential benefit as cirrhosis is irreversible. However, multiple studies
have shown that successful treatment of hepatitis C in patients with compensated cirrhosis
will decrease subsequent cirrhosis-related complications.
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HCV causes increased mortality compared to any other infection; therefore, both the American
Association for the Study of the Liver (AASLD) and European Association for the Study of the
Liver (EASL) guidelines recommend that treatment be indicated for all HCV-infected patients.
However, due to outrageously high cost of the new directly acting antivirals (DAA), treating
every HCV-infected patient is not practical even in countries with strong economy.

Given the high cost of the medications for HCV, both AASLD and EASL guidelines prioritize
the treatment for specific population with liver cirrhosis among the top list.

The goal of HCV treatment in patients with liver cirrhosis depends on the stage of disease. For
Child’s class A compensated liver cirrhosis, the goal of treatment is to prevent progression or
to reverse cirrhosis [3] and to decrease the prevalence of HCC [4–6].

The goal in decompensated liver cirrhosis is to reverse decompensation, delisting from the
liver transplant waiting list or preventing the disease recurrence after liver transplantation [7–
9]. More importantly, achieving sustained virological response (SVR) was associated with
reduced all-cause mortality in patients with advanced fibrosis related to HCV [6].

Several studies have shown reversal of cirrhosis, delisting from liver transplant waiting liver,
improvement of liver function and decrease the risk of HCC in patients who achieved SVR.
Decrease in model for end-stage liver disease (MELD) due to biochemical improvement
without resolution of ascites may delay the liver transplantation by lowering the patient’s rank
on the liver transplant waiting list.

There are also studies showing prevention of disease recurrence after liver transplantation on
those who achieved SVR before liver transplantation.

We predict NASH to be the leading cause of liver transplant in the next decade, not only
because of the growing obesity epidemic and increasing rate of diabetes, but because of the
predicted long-term effect of HCV treatment.

The HCV treatment has evolved since the introduction of Interferon monotherapy in early 1990
until having several options of highly effective interferon-free DAA.

The first randomized multicentre trial comparing interferon alfa-2b versus no treatment in
compensated HCV cirrhosis did not show benefit, whoever, it was small in number, have high
drop-out rate and did not evaluate the patients who achieved sustained virological response
(SVR) well but established safety [10]. In the same year, a study showed that patients with
chronic hepatitis C who have an SVR to IFN therapy, there is a dramatic effect on normalization
of ALT levels, improvement of histological activity and slowing of fibrosis progression [11].

From 2000 to 2011, the combination of PEG-IFN/RBV became the standard of care for HCV
treatment, the overall SVR is 40–50% in genotypes 1 and 4 and 70–80% in genotypes 2 and 3;
however, the SVR rate was significantly lower in patients with liver cirrhosis, about 22% for
genotypes 1 and 4, and 55% for genotypes 2 and 3 [12–14].

Treating patients with decompensated HCV cirrhosis was challenging, it is associated with
poor tolerance, higher side effect profile, and lower SVR rate. Everson and co-workers reported
the results of a low-accelerating dose regimen of IFN or PEG-IFN with RBV in 124 patients
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with decompensated cirrhosis. The SVR was 24%, it was significantly lower in patients with
genotype 1 (13%) than in those with non-1 genotype (50%); (P < 0.0001). SVR was highly
predictive of maintaining viral clearance after liver transplant [8].

Forns et al. evaluated the treatment with IFN a-2b/RBV in 30 patients awaiting Orthotopic liver
transplant (OLT) [9]. A virological response was observed in nine patients (30%). After LT, six
of them (20%) remained negative after liver transplantation.

The study by Carrion et al. evaluated PEG-IFN/RBV therapy in 51 patients with HCV and
cirrhosis awaiting LT matched with 51 untreated controls [15]. The aim of this study is to
evaluate both the prevention of post-transplantation recurrent HCV and the risk of bacterial
infections during therapy. Only 15 patients (29%) were HCV RNA-negative at transplantation
and 10 (20%) achieved an SVR after transplantation.

There is major safety concern of PEG-IFN therapy in patients with decompensated cirrhosis.
The haematological side effect includes neutropenia (50–60%), thrombocytopaenia (30–50%),
and anaemia (30–60%). There is an increased risk of infection (4–13%) or hepatic
decompensation during therapy (11–20%) [8, 9]. Carrion et al. reported high incidence of
episodes of bacterial infection, mostly spontaneous bacterial peritonitis in treated patients
(25%) compared to controls (6%) (P = 0.01) [15]. Variables independently associated with the
occurrence of bacterial infections were antiviral treatment and a Child-Pugh score of B–C. The
adverse effect of this therapy increase as the child score increase, where child C patients has
very high complication rate with extremely low response. We reported the safety and efficacy
of PEG-IFN and ribavirin therapy in 90 patients with liver cirrhosis, 18% required dose
reduction, 33% stopped treatment because of adverse effects, 9% had deterioration of liver
function, 7% died and13% of patients SVR. The rate of serious complications was 16.3% in
child's class A, 48% in B, and 100% in C (P = 0.005). Serum albumin was a significant predictor
for worsening liver function (P = 0.007), none of the child C patients achieved SVR [16].

2. New direct acting antivirals (DAAs)

Accordingly, the AASLD-IDSA guidelines consider any patient with chronic hepatitis C
infection who is diagnosed with compensated cirrhosis highest priority for hepatitis C
treatment [4].

For HCV-infected patients with decompensated cirrhosis or hepatocellular cancer, treatment
of HCV may provide benefit, but the treatment plans and goals may need modifying if the
patient is planning to undergo liver transplantation.

2.1. Patients with compensated cirrhosis

For patients with compensated cirrhosis (Child-Turcotte-Pugh Class A), including those with
hepatocellular carcinoma, the AASLD/IDSA/IAS-USA guidance [4] recommends using the
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same general treatment approach as used for patients without cirrhosis, with several key
exceptions primarily related to duration of therapy or inclusion of ribavirin.

2.1.1. Genotype 1

2.1.1.1. Ledipasvir/sofosbuvir

Ledipasvir (90 mg) and sofosbuvir (400 mg) are a fixed-dose combination (Harvoni®) of two
direct-acting antiviral agents that were initially studied in the ION-1 trial. The trial that
included 865 treatment-naïve patients, looked at the length of treatment (12 weeks versus 24
weeks) as well as the need for RBV [5]. SVR12 rates exceeded 97%, with no added benefit
observed with longer treatment duration, the addition of RBV length of treatment, nor HCV
genotype 1 subtype. In the study, 16% of the included patients had cirrhosis. The presence of
cirrhosis did not affect SVR12 rates compared with those without cirrhosis (97%) versus (98%)
[5].

2.1.1.2. Paritaprevir/ritonavir/ombitasvir + dasabuvir (PrOD)

The 3D combination was studied in the TURQUOISE-II and TURQUOISE-III trials. The trail
included 261, HCV genotype 1a and CTP class A, the patients were both treatment-naïve and
-experienced. The study compared 12 weeks or 24 weeks of PrOD regimen with the addition
of RBV. SVR12 rates were higher in patients who received 24 weeks arm (89% vs. 95%) [6].
Factors that may have contributed to these differences could be the inclusion of patients who
failed previous PEG-IFN/RBV therapy. Overall, treatment-naïve patient had slightly better
response to therapy (92% vs. 95%). Interestingly, in patients with HCV genotype 1b patient,
the SVR12 rates reached 98.5% in the 12-week arm [6]. Subsequently, the TURQUOISE-III trail
questioned the role of RBV with the 3D regimen for 12 weeks in patients with HCV genotype
1b and compensated cirrhosis. Among the 60 patients included, more than 50% of the patients
had negative predictors of response as follows: 55% treatment-experienced, 83% with IL28B
non-CC genotype, 22% had platelet counts of greater than 90 × 109 L−1, and 17% had albumin
levels greater than 3.5 g/dL). SVR12 rates were 100%. Hence, this regimen was approved for
HCV genotype 1b for 12 weeks irrespective of previous treatment history or the presence or
of cirrhosis [7].

The PrOD regimen, however, carries FDA warning [8]. In October 2015, the US FDA announced
that the PrOD and PrO are contraindicated in patients with Child-Turcotte-Pugh (CTP) class
B or C cirrhosis. This was based on reports by the manufacturer of accelerated liver injury in
patients who were receiving PrOD or PrO. The onset of liver harm and decompensating
incidents were observed mainly during the first month of therapy and mainly involved a quick
rise in total and direct bilirubin, as well as a concomitant increase in liver transaminases. Timely
recognition and termination of PrOD or PrO resulted in resolution of injury, death was reported
in two cases with compensated cirrhosis. If the decision is made to initiate treatment with PrOD
or PrO, patients should be made aware of the risks associated with such therapy in addition
to adequate monitoring.
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2.1.1.3. Simeprevir + sofosbuvir

Simiprevir + sofosbuvir regimen were studied in the OPTIMIST-2 trial. The single armed, open-
label trial looked at 12 weeks of simeprevir plus sofosbuvir in 103 cirrhotic patients [9]. SVR12
rates were 88% (44/50) of treatment-naïve and 79% (42/53) of treatment-experienced patients
with the total SVR12 rate was 83% (86/103). Furthermore, both genotype 1a and the presence
of Q80K mutation negatively affected SVR12 (genotype 1 and 1b 84% [26/31] and 92% [35/38],
respectively. And 74% [25/34] with Q80K mutation. Currently, there is no data that proves that
extending treatment, with or without the addition of RBV, will increase efficacy of these two
groups. Hence, until further data proves otherwise, this regimen should be avoided in patients
with genotype 1a or in the case Q80K mutation is present.

2.1.1.4. Daclatasvir + sofosbuvir

Cirrhotic patients tend to take advantage from extension of therapy with daclatasvir and
sofosbuvir to 24 weeks, with or without RBV [10, 11]. The data from ALLY-1 trial investigated
daclatasvir and sofosbuvir with RBV dosed at 600 mg, in 60 patients with advanced cirrhosis
[12]. Only 76% of patients with HCV genotype 1a (n = 34) and 100% of patients with HCV
genotype 1b (n = 11) achieved an SVR at 12 weeks (SVR12). It is unclear how many treatment
failures were among treatment-naïve patient was 54% or those with CTP class A cirrhosis. SVR
was significantly lower in CTP class C cirrhosis (54%) when compared with CTP classes A and
B 92% and 94% (see Table 1).

SVR12 rates in patients with Child Pugh A cirrhosis

GT1a GT1b GT2 GT3 GT4 GT5/6

SOF +SIM 12 weeks 83% (9)& NA NA NA NA NA

SOF+DAC 12 weeks 76%(12) 100%(12) NA 85.9%^(27) NA NA

SOF+DAC 24 weeks NA NA NA NA NA

SOF+LED+RBV 12 weeks 97–98%(5) NA NA NA 100% NA

SOF+LED 24 weeks NA NA NA NA NA NA

PrOD 12 weeks 98.5%^(6) 100%^(6) NA NA NA NA

PrO 12 weeks NA NA 96$(30) NA

SOF+VEL 12 99% 95% 100% 100% 100% 100%

GRZ+ELB 12 97%*(13, 14) 99% NA NA NA NA

GRZ+ELB 16 100%(15) NA NA NA NA NA

&With 88% (44/50) of treatment-naïve and 79% (42/53) of treatment-experienced patients.
^With ribavirin.
$100% SVR12 rates achieved with extending the duration to 16 weeks.
*Treatment naïve. SOF: sofosbuvir, SIM: simiprevir, DAC: daclatasvir LED: ledipasvir, PrOD: paritaprevir, ritonavir,
ombitasvir and dasabuvir. PrO: paritaprevir, ritonavir, ombitasvir. VEL: velpatasvir, GRZ: grazoprevir, ELB: elbasvir.

Table 1. SVR12 rates among HCV-infected patients with compensated cirrhosis.
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2.1.1.5. Elbasvir/grazoprevir

For genotype 1a, recommendations for cirrhotic patients are based on 92 (22%) patients in the
phase III C-EDGE trial that had Metavir F4 disease [13]. SVR 12 was 97% in the subgroup of
cirrhotic patients. A similar 97% (28/29) SVR 12 rate had previously been demonstrated in
genotype 1 cirrhotic treatment-naïve patients treated with 12 weeks of elbasvir/grazoprevir
without ribavirin in the open-label phase II C-WORTHY trial [14]. The presence or absence of
compensated cirrhosis does not appear to alter the efficacy of the elbasvir/grazoprevir
regimen [13, 14].

The presence of NS5A resistance-associated variants (RAVs) at baseline was found to be
associated with reduced efficacy in patients with genotype 1a, and was not apparent with
genotype 1b [13]. In this phase III open-label trial of elbasvir/grazoprevir that enrolled
treatment-experienced patients; among 58 genotype 1a patients who received 16 weeks of
therapy with elbasvir/grazoprevir plus ribavirin, there were no virologic failures and the
SVR12 rates were 100% [15–17].

2.1.1.6. Sofosbuvir/velpatasvir

The use of this combination in patients with decompensated cirrhosis was investigated in the
ASTRAL-4 trial. The study was multicentre, open-label patients were randomly assigned in a
1:1:1 ratio to receive a fixed-dose combination tablet containing 400 mg of sofosbuvir and 100
mg of velpatasvir, administered orally once daily for 12 weeks; sofosbuvir-velpatasvir plus
ribavirin once daily for 12 weeks; or sofosbuvir-velpatasvir once daily for 24 weeks. Ribavirin
was administered orally with food twice daily, with the dose determined according to body
weight (1000 mg daily in patients with a body weight of greater than 75 kg and 1200 mg daily
in patients with a body weight ≥75 kg). The overall SVR12 rates in the three groups were 83,
94 and 86%, respectively. The study highlights a potential role of RBV in such population [18].
Nineteen percent of the patients included in the ASTRAL-1 study had cirrhosis and observed
SVR12 rates of 99% when received sofosbuvir/velpatasvir for 12 weeks [19].

2.1.2. Genotype 2

Sofosbuvir (400 mg daily) was combined with weight-based RBV for treatment-naïve patients
with HCV genotype 2 infection in three clinical trials, each of which enrolled patients with
HCV genotype 2 or 3: FISSION, POSITRON and VALENCE with very high SVR12 rates [20–
22]. However, patients with cirrhosis have lower response rates that were seen in treatment-
naïve patients with cirrhosis compared to in those without cirrhosis [23]. One may consider
extending treatment duration when cirrhosis is present despite the lack of data to support such
extension, as longer treatment duration is known to improve SVR in treatment-experienced
patients with cirrhosis [22, 24]. Due to the small numbers of patients with HCV genotype 2
infection and cirrhosis enrolled in the registration trials, several phase III b studies are ongoing
to specifically determine the appropriate length of treatment for this subgroup of patients (see
Table 1).
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2.1.1.5. Elbasvir/grazoprevir

For genotype 1a, recommendations for cirrhotic patients are based on 92 (22%) patients in the
phase III C-EDGE trial that had Metavir F4 disease [13]. SVR 12 was 97% in the subgroup of
cirrhotic patients. A similar 97% (28/29) SVR 12 rate had previously been demonstrated in
genotype 1 cirrhotic treatment-naïve patients treated with 12 weeks of elbasvir/grazoprevir
without ribavirin in the open-label phase II C-WORTHY trial [14]. The presence or absence of
compensated cirrhosis does not appear to alter the efficacy of the elbasvir/grazoprevir
regimen [13, 14].

The presence of NS5A resistance-associated variants (RAVs) at baseline was found to be
associated with reduced efficacy in patients with genotype 1a, and was not apparent with
genotype 1b [13]. In this phase III open-label trial of elbasvir/grazoprevir that enrolled
treatment-experienced patients; among 58 genotype 1a patients who received 16 weeks of
therapy with elbasvir/grazoprevir plus ribavirin, there were no virologic failures and the
SVR12 rates were 100% [15–17].

2.1.1.6. Sofosbuvir/velpatasvir

The use of this combination in patients with decompensated cirrhosis was investigated in the
ASTRAL-4 trial. The study was multicentre, open-label patients were randomly assigned in a
1:1:1 ratio to receive a fixed-dose combination tablet containing 400 mg of sofosbuvir and 100
mg of velpatasvir, administered orally once daily for 12 weeks; sofosbuvir-velpatasvir plus
ribavirin once daily for 12 weeks; or sofosbuvir-velpatasvir once daily for 24 weeks. Ribavirin
was administered orally with food twice daily, with the dose determined according to body
weight (1000 mg daily in patients with a body weight of greater than 75 kg and 1200 mg daily
in patients with a body weight ≥75 kg). The overall SVR12 rates in the three groups were 83,
94 and 86%, respectively. The study highlights a potential role of RBV in such population [18].
Nineteen percent of the patients included in the ASTRAL-1 study had cirrhosis and observed
SVR12 rates of 99% when received sofosbuvir/velpatasvir for 12 weeks [19].

2.1.2. Genotype 2

Sofosbuvir (400 mg daily) was combined with weight-based RBV for treatment-naïve patients
with HCV genotype 2 infection in three clinical trials, each of which enrolled patients with
HCV genotype 2 or 3: FISSION, POSITRON and VALENCE with very high SVR12 rates [20–
22]. However, patients with cirrhosis have lower response rates that were seen in treatment-
naïve patients with cirrhosis compared to in those without cirrhosis [23]. One may consider
extending treatment duration when cirrhosis is present despite the lack of data to support such
extension, as longer treatment duration is known to improve SVR in treatment-experienced
patients with cirrhosis [22, 24]. Due to the small numbers of patients with HCV genotype 2
infection and cirrhosis enrolled in the registration trials, several phase III b studies are ongoing
to specifically determine the appropriate length of treatment for this subgroup of patients (see
Table 1).
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2.1.3. Genotype 3

2.1.3.1. Sofosbuvir/daclatasvir

ALLY-3 is a phase III study of the once-daily NS5A inhibitor daclatasvir plus sofosbuvir for 12
weeks; the study included 101 treatment-naïve patients and demonstrated an SVR12 rate of
90%. Cirrhotic patients (Metavir F4), 58% achieved SVR12 [25]. Hence extension of therapy
may be considered in such cases. European compassionate use program has supported these
recommendations in cohort studies, which reported and improvement in rates of up to 70%
versus 86% when daclatasvir and sofosbuvir was used for 12 weeks and 24 weeks. RBV did
not seem to have a big impact on SVR12 (85.9% without RBV compared to 81.3% with RBV).
SVR12 rates were also higher in those with compensated Child-Pugh A cirrhosis (85–90%
compared to 70.6% in child B/C). Previous data suggested that SVR 12 rates were higher in
treatment-naïve patients (91–100%) compared to experienced (81–82%) [26].

2.1.4. Genotype 4

2.1.4.1. Ledipasvir/sofosbuvir

The SYNERGY trial was an open-label study evaluating 12 weeks of ledipasvir/sofosbuvir in
21 HCV genotype 4-infected patients, Among that 60% were treatment-naïve and 43% had
advanced fibrosis (Metavir stage F3 or F4) [27]. All patients achieved an SVR12. Note that the
study used an assay by ROCH with lower limit of quantitation (LLOQ) of 43 IU/ml, while the
AASLD guidelines recommended to use an assay with LLOQ of 25 IU/ml. However, this had
no impact on SVR12 results [28].

2.1.4.2. Paritaprevir/ritonavir/ombitasvir (PrO)

Pro regimen has interesting SVR12 rates according to the AGATE-I trial. The trial random-
ized 120 subjects with genotype 4 HCV and compensated cirrhosis to 12 weeks or 16 weeks
of paritaprevir/ritonavir/ombitasvir (PrO) in addition to weight-based ribavirin. The SVR12
rates were 96% and 100% in the 12 week and 16 week arms, respectively [29]. On the other
hand, the AGATE-II trial randomized 60 patients with compensated (1:1) to Pro for either
12 weeks or 24 weeks. SVR12 rates in the 12 weeks group were 97% versus 93% in the 24
week group [30].

2.1.4.3. Sofosbuvir/simiprevir

In a study by Moreno et al., the combination was studied in patients with advanced fibro-
sis/cirrhosis. All patients achieved end of treatment response but SVR12 data were not
available [31]. In another study by Kayali et al., the combination was found to achieve
SVR12 rates of 77% MELD scores remain unchanged. Interestingly, black gender and BMI
were identified as independent negative predictors of response in univariate regression
analysis (see Table 1) [32].
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3. Patients with decompensated cirrhosis

3.1. Sofosbuvir/ledipasvir

The SOLAR-1 study was a multicentre, randomized controlled trial of 108 patients with HCV
genotype 1 and 4 who had decompensated cirrhosis, of whom 59 were classified as CTP class
B and 49 classified as CTP class C cirrhosis. Subjects were randomly assigned to receive daily
fixed dose combination ledipasvir/sofosbuvir and RBV (initial dose of 600 mg, increased as
tolerated) for 12 or 24 weeks. Extension of treatment in cirrhotic patients did not seem to affect
SVR rates much. For CTP B patients, SVR rates were 87% versus 89% in subjects who received
12 versus 24 weeks, respectively. Likewise, the rates of SVR CTP class C subjects were 86 and
87%, respectively, with 12 and 24 weeks of antiviral therapy [33]. During the study, only one
patient with CTP class C cirrhosis died.

The SOLAR-2 study was a multicentre randomized controlled trial of 108 subjects with
decompensated cirrhosis secondary to HCV genotypes 1 and 4. Some of the patients were
treatment-experienced, with CTP class B cirrhosis or CTP class C cirrhosis. The patients were
randomly assigned to receive daily fixed-dose combination ledipasvir/sofosbuvir and RBV
(initial dose of 600 mg, increased as tolerated) for 12 weeks or 24 weeks. Sustained virologic
response (SVR) was achieved in 87% of those given the 12-week treatment course and 89% of
those given the 24-week treatment course. On the 4th week of treatment, the total bilirubin and
serum albumin levels improved compared with baseline in all patients. Despite the fact that
some patients experienced worsening of hepatic function, baseline CTP and model for end-
stage liver disease (MELD) scores improved in more than 50% of the treated patients. Five
patients died during the study period but none of the death occurred was attributed to the
study medication. Adverse events were more common in the 24-week arm (34%) than in the
12-week arm (15%). These results indicate that a 12-week course of ledipasvir/sofosbuvir and
RBV (initial dose of 600 mg, increased as tolerated) is an appropriate regimen for patients with
decompensated cirrhosis who are infected with HCV genotype 1 or 4. Such therapy may lead
to objective improvements in hepatic function and reduce the likelihood of recurrent HCV
infection after subsequent transplantation [33].

3.2. Sofosbuvir/daclatasvir

Patients with advanced cirrhosis (Child-Turcotte-Pugh [CTP] class B and C; n = 60) were
particularly investigated in the ALLY-1 study [34]. The study found the use of daclatasvir (60
mg daily) with sofosbuvir (400 mg) and low initial dose of RBV (600 mg) for 12 weeks to
treatment-naïve and -experienced patients with HCV genotype 1 infection. The overall SVR12
rate was 83% among those with advanced cirrhosis. The SVR12 rate was slightly lower in
patients with genotype 1a compared with patients with genotype 1b (76 and 100%, respec-
tively). Response rates were also affected by severity of disease among those with advanced
cirrhosis (94% SVR12 rates in patients with CTP class B and 56% in patients with CTP class C).
Patients with genotype 3 had also lower SVR12 rates 83%.
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In another real-world study by Foster et al., involving 235 genotype 1 patients with decom-
pensated cirrhosis, the SVR rates were comparable in the genotype 1 subjects (n = 235) receiving
SOF/LDV/RBV or SOF/LDV (86% vs. 81%) and those receiving SOF/DCV/RBV or SOF/DCV
therapy (82–60%). In this study, 91% of the patients received ribavirin with 20% requiring a
RBV dose reduction and only 6% discontinued RBV. Improvement in MELD scores was
observed in 42% of treated patients and worsening occurred in 11%. Moreover, 14 deaths
occurred with relatively higher incidence of SAE (26%) but none were attributed to study
medication.

3.3. Genotype 2 and 3

A multicentre, compassionate use study included 101 genotype 3 patients to be treated with
daclatasvir (60 mg), sofosbuvir (400 mg) ± RBV for 24 weeks [35]. Of those, 81% had CTP class
B cirrhosis, the MELD score was higher than15 in 16%, and 7% were post-liver transplant. The
reported SVR 12 data has demonstrated an SVR of 85–100%. Two patients died while 22
patients had an SAE and therapy was discontinued in five subjects. Summary of SVR in Child
B and C (Table 2).

SVR12 rates in patients with Child Pugh B and/or C cirrhosis

GT1a GT1b GT2 GT3 GT4 GT5/6

SOF +SIM 12 weeks NA NA NA NA NA NA

SOF+DAC 12 weeks 76%*(35) 100%(35) NA 83%(35) NA NA

SOF+DAC 24 weeks NA NA 85% (36) NA NA

SOF+LED+RBV 12 weeks 87%(34) NA NA NA NA NA

SOF+LED +RBV 24 weeks 89%(34) NA NA NA NA NA

SOF+VEL 12 88 89 100 50 100 NA

SOF+VEL+RBV 12 94 100 100 85 100 NA

SOF+VEL 24 93 88 75 50 100 100

*SVR12 rate was 94% among patients with CTP class B cirrhosis but only 56% among patients with CTP class C
cirrhosis.
SOF: sofosbuvir, SIM: simiprevir, DAC: daclatasvir, LED: ledipasvir, PrOD: paritaprevir, ritonavir, ombitasvir and
dasabuvir. PrO: paritaprevir, ritonavir, ombitasvir. VEL: velpatasvir, GRZ: grazoprevir, ELB: elbasvir.

Table 2. SVR12 rates in patients with Child Pugh B and/or C cirrhosis.

4. Summary

There is a remarkable advance in treatment of HCV in the recent few years allowing an
excellent result in difficult to treat patients with liver cirrhosis with good safety profile.
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Treating HCV in patients with liver cirrhosis is a high priority to prevent decompensation and
prevent HCV recurrence after liver transplantation.
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Abstract

End-stage liver disease secondary to hepatitis C virus (HCV) infection is the major
indication for orthotopic liver transplantation (OLT) worldwide. It also has a negative
impact on patient and graft survival leading to an inferior transplant outcome when
compared to other liver transplant indications. The percentage of HCV patients infected
with genotype 4 (G4) among recipients of OLT varies depending on geographic location.
In  the  Middle  East  G4 infection is  the  most  common genotype among transplant
recipients. Direct antiviral agents (DAAs) have revolutionized the management of HCV
infection in the pre- and post-transplant setting. Recent clinical trials have shown high
sustained  virologic  response  rates,  shorter  durations  of  treatment,  and  decreased
adverse events when compared with the previous treatment of pegylated interferon
(PEG-IFN)-based therapy. However, most of these studies were performed in HCV-G1-
infected patients. Due to the low prevalence of HCV-G4 in Europe and the USA, this
genotype has not been adequately studied in prospective trials evaluating treatment
outcomes. The aim of this chapter is to summarize the natural history and treatment
outcome of HCV-G4 in the liver transplant setting, with particular attention to new HCV
therapies.

Keywords: cirrhosis, direct antiviral agents, genotype 4, hepatitis C, liver transplanta-
tion

1. Introduction

Hepatitis C virus (HCV) infection is the leading indication for liver transplantation (LT) and is
a major cause of liver-related mortality [1, 2]. It also has a negative impact on patient and graft
survival leading to an inferior transplant outcome when compared with other indications [3, 4].
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HCV eradication prior to LT will likely improve the outcome by eliminating the risk of post
transplant recurrence. In the absence of an effective HCV vaccine to prevent infection and with
therapy until very recently limited to interferon (IFN)-based regimens, most HCV-infected
candidates for LT patients remained untreated.

Hepatitis C genotype 4 (HCV-G4) is the most prevalent genotype in the Middle East and
Northern Africa [5–8]. The frequency of infection with HCV-G4 is also increasing in European
countries, particularly among intravenous drug users [9–12]. The most common genotype in
Europe and the USA is genotype 1; therefore, HCV-G4 has not been adequately studied in
prospective trials evaluating treatment outcomes and remains the least studied variant.

The impact of HCV-G4 on treatment outcomes in the general nontransplant population has
been evaluated [13–18]. Studies from the Middle East suggest a higher rate of spontaneous
resolution after acute HCV-G4 infection [19, 20]. Other studies suggest that HCV-G4 infection
is associated with significant steatosis. These observations suggest that specific features of
HCV-G4 infection may contribute to the natural history and treatment outcomes of the disease
[21, 22].

The percentage of HCV-G4 patients among recipients of orthotopic liver transplantation (OLT)
varies depending on the geographic location. HCV-G4 represents more than 90% of indications
for liver transplantation in Egypt [23]. In Saudi Arabia, hepatitis C represents ∼29% of
indications for liver transplantation, ∼60% of which are secondary to HCV-G4 [24]. On the
other hand, HCV-G4 is a relatively uncommon indication for liver transplantation in Europe
and North America [25, 26].

Until recently, interferon-based therapy was the only treatment for HCV. However, this
treatment has its own drawbacks given its prolonged therapeutic course (24–48 weeks),
numerous side effects, low barrier to resistance, and reduced efficacy in prior null responders
or cirrhotic patient. Direct antiviral agents (DAAs) represent a breakthrough in the manage-
ment of HCV. First generation DAAs (telaprevir, boceprevir) in post-liver transplant patients
resulted in sustained virological response (SVR) of up to 60% with telaprevir in HCV-G1.
However, significant side effects including severe anemia, skin complications and significant
drug interactions resulted in major concerns [27]. These agents are currently contraindicated
and are not used anymore. Second line direct-acting antiviral DAAs have emerged with better
safety and efficacy profiles, leading to dramatic changes in the practice of HCV management.
Multiple clinical studies have shown superiority of sofosbuvir (SOF)-based therapy when
compared with the current standard of care in both treatment naïve and treatment experienced
patients and across all HCV genotypes [28–34]. Because of its favorable pharmacologic profile
and its reasonable drug–drug interactions, sofosbuvir has become the cornerstone in the
management of HCV infection [35]. Furthermore, data are emerging on the outcome of
multiple newer agents. The, aim of this chapter is to examine the natural history and treatment
outcomes of HCV-G4 following liver transplantation. This review includes all published
studies and abstracts involving HCV-G4 patients.
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2. Hepatitis C genotype influences post-liver transplantation

Campos-Varela et al. evaluated the role of the various HCV genotypes on the progression and
outcome of liver transplantation. Among 745 recipients, 81% had genotype 1 (G1), 7% had
genotype 2 (G2), and 12% had genotype 3 (G3). Patients were followed for a median of 3.1
years (range 2–8 years). The risk of advanced fibrosis and graft rejection was significantly
higher among those infected with G1 compared with other genotypes [36]. In another multi-
centre European study involving 652 liver recipients, genotype 1b, age, and absence of
pretransplantation coinfection by HBV are risk factors for recurrent HCV. However, graft and
patient survival was comparable to other genotypes [37]. Similarly, in another prospective
study involving 60 liver transplant recipients, HCV 1b was associated with more aggressive
recurrent liver disease than other genotypes [38]. Gordon et al. assessed the relationship
between hepatitis C genotype on posttransplant frequency of recurrent hepatitis, histologic
severity of recurrence, and progression to cirrhosis. They concluded that histologic evidence
of recurrent hepatitis C is seen in 90% of liver allografts; however, genotype 1b was associated
with more severe histologic disease recurrence and was more likely to progress to cirrhosis
when compared to non-1b genotypes [39].

By contrast, some large studies have observed no difference in the rate or degree of hepatitis
or in graft or patient survival between G1 and other genotypes [40, 41]. Therefore, the impact
of various genotypes on the outcome of liver transplantation remains controversial. Due to the
low prevalence of HCV G-4 in western countries, these studies neglected evaluating the impact
of this particular genotype.

3. Natural history of HCV-G4 after liver transplantation

Re-infection of the graft is universal after liver transplantation regardless of genotype, leading
to an accelerated course of liver injury in many cases [42]. Most studies of disease recurrence
worldwide have investigated HCV-G1, HCV-G2, and HCV-G3, and there are few reports on
post-OLT recurrence of HCV-G4.

Zekry et al. analyzed factors that predicted outcome of HCV-liver transplant recipients in the
Australian and New Zealand communities. The following variables were evaluated demo-
graphic factors, coexistent pathology at the time of transplantation, HCV genotype, and donor
age. In this analysis, 182 patients were transplanted for HCV including 16 patients infected
with genotype 4 and the median follow-up was 4 years. Among many factors studied in
univariate and multivariate analyses, HCV-G4 was associated with an increased risk of re-
transplantation and death. Additionally, patients infected with HCV-G4 were more likely to
progress to advanced stages of fibrosis [43]. Patients infected with G2 and G3 had better post-
transplant outcomes. Whether this difference in outcomes was related to the pathogenicity of
HCV-G4 or to other factors not examined in this study, including donor age, immunosuppres-
sion, and compliance with medications, is not clear (Table 1). Furthermore, patients infected
with HCV-G4 in this study were older and more likely to have coexisting hepatocellular
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carcinoma. Gane et al. investigated the impact of persistent HCV infection after liver trans-
plantation on patient and graft survival and the effects of the HCV genotype on the severity
of recurrent hepatitis. A group of 149 patients with HCV infection who received liver trans-
plants were followed for a median of 36 months; 623 patients without HCV infection who
underwent liver transplantation for end-stage chronic liver disease were used as a control
group. Among the patient population, 14 patients were infected with HCV-G4. Approximately
50% of these patients had progressive liver disease (moderate hepatitis or cirrhosis) during the
follow-up period [44]. In the same study, patients infected with G1b had the worst outcome,
whereas patients infected with G2 and G3 had less severe disease recurrence. The authors
speculated that patients infected with G1b had an increased replicative potential and an
increased expression of viral antigen in liver tissue. A more detailed study from the UK aimed
at studying the impact of HCV-G4 on transplant outcome. The study group included 128
patients who underwent transplantation for HCV infection: 28 patients, genotype 1; 11
patients, genotype 2; 19 patients, genotype 3; and 32 patients, genotype 4 [45]. A significantly
higher fibrosis progression rate was observed in HCV-G4 patients compared with non-G4
patients, although their rates of survival were similar. The 5-year cumulative rates for the
development of cirrhosis or severe fibrosis were 84% in HCV-G4-infected patients and 24% in
patients infected with other genotypes. The HCV-G4 groups were predominantly Egyptian
patients who received organs from older donors. Furthermore, the majority of these patients
were placed on an alternative waiting list to be offered organs that were suitable for trans-
plantation but unsuitable or not needed for citizens of the UK. This policy may have led to the
selection of inferior grafts for the HCV-G4 patients, who were predominantly non-UK citizens,
leading to inferior results in these patients.

Factors affecting transplant outcome

Viral load

Genotype

Coinfections

Alcohol

Compliance

Steatosis

Donor age

Immunosuppression

Rejection

Table 1. Factors affecting the outcome of HCV-related transplantation.

On the other hand, studies from the Middle East show a more favorable outcome. According
to reports from Saudi Arabia and Egypt, overall graft and patient survival for HCV-G4 are
comparable to rates reported in the international literature. Reports from Saudi Arabia reveal
an overall 3-year graft and patient survival rates of 90 and 80%, respectively [24, 46–50].
Similarly, in Egypt, where many active living-related liver transplant programs exist and HCV-
G4 represents more than 90% of cases, graft and patient survival rates are ∼86% [23].
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Multiple recent studies from the Middle East evaluated the natural history of HCV-G4
following liver transplantation. Mudawi et al. conducted a study to determine the epidemio-
logical, clinical and virological characteristics of patients with biopsy-proven recurrent HCV
infection and analyzed the factors that influence recurrent disease severity. They also compared
disease recurrence and outcomes between HCV-4 and other genotypes [51]. Of 116 patients
who underwent OLT for hepatitis C, 46 (39.7%) patients satisfied the criteria of recurrent
hepatitis C. Twenty-nine (63%) patients were infected with HCV genotype 4. Among many
factors included in that analysis, the only factor predictive of an advanced histological score
was the HCV RNA level at the time of biopsy. The conclusion was that HCV recurrence
following OLT in HCV-4 patients is not significantly different from its recurrence for other
genotypes.

In studies published from Egypt reporting on living donor related liver (LDLT) transplantation
of HCV-G4 patients, similar favorable outcomes were observed. In a recent Egyptian study 74
adult hepatitis C virus positive subjects were monitored for 36 months after living-donor liver
transplant and demographic and laboratory data for the recipients and donors were evaluated.
HCV clinical recurrence was observed in 31% of patients and was mostly mild; 91% of patients
had fibrosis scores less than F2. And during the study period 91% of patients were alive with
excellent graft function. Similar to the study from Saudi Arabia, recurrent HCV was associated
with a high pre- and post-transplant viral load and the presence of antibodies to hepatitis B
core antigen [52]. In another study, the outcome of LDLT was evaluated in Egyptian patients
with HCV-G4-related cirrhosis. Recurrence of HCV was studied in 38 of 53 adult patients who
underwent LDLT. Recipient and graft survivals were 86.6% at the end of the 16 ± 8.18 months
(range, 4–35 months) follow-up period. Clinical HCV recurrence was observed in 10/38
patients (26.3%). None of the recipients developed allograft cirrhosis during the follow-up
period [23]. In a recent study, Allam et al. compared the outcomes of Saudi and Egyptian
patients who received liver transplantation either in China or locally in Saudi Arabia (∼30%
infected with HCV-G4), respective 1- and 3-year cumulative survival rates were 81 and 59% in
patients transplanted in China compared with 90 and 84% for patients transplanted locally.
They attributed the poorer outcomes in patients transplanted in China to liberal selection
criteria, the use of donations after cardiac death, and to the limited post-transplant care [53].

The role of HCV-G4 in the natural history of this disease requires further study. Furthermore,
HCV-G4 exhibits significant genetic diversity, and there are a number of viral subtypes. The
impacts of the various subtypes have been demonstrated in recent studies; for example, HCV
G1 subtype 1b patients were more likely to achieve a rapid virological response (RVR)
compared with subtype 1a [54]. Studies performed in Egypt, where HCV-G4 subtypes 4a and
4b predominate, have consistently indicated higher rates of virological response to therapy
(69–76%) compared with Saudi Arabia, where response rates are substantially lower (44–50%)
[55–57]. In a retrospective analysis of HCV-G4 patients, Roulot et al. reported better sustained
virological response (SVR) in 4a subtype-compared with 4d subtype-infected individuals [58].
The majority of patients involved in these European/Australian studies are Egyptians, who
are likely older, have coexisting HCC and have received marginal donor grafts. Co-morbidities,
such as infection with schistosomiasis, and other nonstudied variables may also have affected
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outcomes in these patients, leading to an impression that HCV-G4 is an aggressive virus.
However, more recent studies originating from the Middle East, where HCV-G4 predominates
have revealed no significant difference in outcomes between G1 and G4.

4. Treatment prior to transplantation

4.1. Pegylated interferon and ribavirin

Viral eradication or suppression prior to liver transplantation reduces post-transplant recur-
rence rates [59]. Until recently, the only available treatment regimens were interferon-based
and were therefore contraindicated in patients with advanced cirrhosis [60–62].

Everson et al. evaluated the effectiveness, tolerability, and outcome of a low accelerating dose
regimen (LADR) of pegylated interferon (PEG-IFN) therapy in the treatment of patients with
advanced HCV. One hundred twenty-four patients were treated with LADR. Sixty-three
percent had clinical complications of cirrhosis (ascites, spontaneous bacterial peritonitis,
varices, variceal hemorrhage, encephalopathy). Forty-six percent were HCV RNA-negative at
end of treatment, and 24% were HCV RNA-negative at last follow-up. Twelve of 15 patients
who were HCV RNA-negative before transplantation remained HCV RNA-negative 6 months
or more after transplantation. They concluded that LADR may result in viral eradication,
stabilize clinical course, and prevent posttransplantation recurrence [61]. In a more recent
study patients with various genotypes were randomized 2:1 to treatment (n = 31) or untreated
control (n = 16). Of the 30 patients who were treated, 23 underwent liver transplantation, and
22% achieved a post-transplantation virological response. Although pre-transplant treatment
prevented post-transplant recurrence of HCV infection in 25% of cases, including patients
infected with HCV-G4, this approach was poorly tolerated and resulted in life-threatening
complications [63].

5. Treatment of advanced disease in the new era

The treatment of HCV patients is rapidly evolving. New oral DAAs have emerged with better
safety and efficacy profiles, leading to dramatic changes in the practice of HCV management.
These choices include sofosbuvir plus weight-adjusted ribavirin (RBV), ledipasvir/sofosbuvir
with or without RBV, sofosbuvir/daclatasvir with or without RBV, daclatasvir/simeprevir/
sofosbuvir, ombitasvir/paritaprevir/ritonavir with weight-adjusted RBV, elbasvir-grazoprevir
with or without RBV. The choice between them depends primarily on potential for drug
interactions, availability, and cost. Data on the use of these new agents in cirrhotic G4 patients
awaiting liver transplantation are limited. Up-to-date studies evaluating the safety and efficacy
of these agents in HCV-G4 patients are summarized below.
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5.1. Sofosbuvir and ribavirin

Sofosbuvir (SOF) is a novel pangenotypic nucleotide analog inhibitor that inhibits HCV RNA
replication. SOF is administered orally and inhibits the HCV NS5B polymerase. SOF exerts
potent antiviral activity against all HCV genotypes [28–30, 32, 64].

In a recently published open-label study, 61 patients with HCV of any genotype awaiting
liver transplantation for hepatocellular carcinoma were included. The primary end point was
the proportion of patients with HCV-RNA levels <25 IU/ml at 12 weeks after transplantation
among patients with this HCVRNA level at their last measurement before transplantation.
Patients received up to 48 weeks of SOF/RBV before liver transplantation. Of 46 patients who
were transplanted, 43 had HCV-RNA levels of <25 IU/ml at the time of transplantation. Of
these 43 patients, 30 (70%) exhibited a post-transplantation virological response at 12 weeks
[65]. A recently published study evaluated the efficacy and safety of SOF in combination
with RBV in HCV-G4 patients in patients of Egyptian ancestry. Thirty treatment-naive and
thirty previously treated patients were enrolled and treated for 12 weeks (n = 31) or 24 weeks
(n = 29). Overall, 23% of patients had cirrhosis. SVR12 was achieved by 68% of patients in
the 12-week group, and by 93% of patients in the 24-week group. No patient discontinued
treatment due to an adverse event [66]. In another Egyptian study, 103 patients’ studies were
treated with a combination of SOF and weight-adjusted RBV. Seventeen percentage of the
study population were cirrhotic. Patients with cirrhosis at baseline had lower rates of SVR12
(63% at 12 weeks, 78% at 24 weeks) than those without cirrhosis (80% at 12 weeks, 93% at
24 weeks). However, the treatment was safe and well tolerated, with no serious drug-related
adverse events [67].

However, with the emergence of other treatment options, this combination is not considered
the best treatment option.

5.2. Ledipasvir/sofosbuvir and ribavirin

A recently published phase 2, open-label study (Solar-1) assessed treatment with ledipasvir
(LDV), SOF, and RBV in patients infected with HCV-G1 or HCV-G4. This study included a
cohort of patients with cirrhosis who had not undergone liver transplantation and another
cohort of patients who had undergone liver transplantation. In the nontransplant cirrhotic
group, SVR12 was achieved in 86–89% of patients. There were no differences in response rates
in the 12- and 24-week groups [68]. In another study, 20 (95%) of 21 patients infected with
HCV-4 completed 12 weeks of treatment and achieved SVR12 including seven patients with
cirrhosis. One patient was non-adherent to study drugs and withdrew from the study but was
included in the intention-to-treat analysis [69].

5.3. Sofosbuvir/daclatasvir/ribavirin

The ALLY-1 study evaluated daclatasvir (DCV) + SOF + RBV in patients with advanced
cirrhosis or post-transplant HCV recurrence of all genotypes, including G4. DCV is a pange-
notypic NS5A inhibitor with a very low potential for drug interaction and a favorable safety
profile. All patients with advanced cirrhosis were treated with a combination of DCV 60 mg +
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S0F 400 mg + RBV (adjusted dose) for 12 weeks. Overall, 83% of the advanced cirrhosis patients
achieved SVR12. SVR12 rates were higher in patients with Child-Pugh class A or B, 93%, versus
class C, 56%. The response rate of cirrhotic patients infected with HCV-G4 (4 patients) was
100%. Treatment was well tolerated, with no adverse events or drug-drug interactions [70].

5.4. Simeprevir/daclatasvir/sofosbuvir

The interim results of the IMPACT study indicated favorable responses to this combination in
cirrhotic patients infected with G1 and G4. Simeprevir (SIM) is a NS3/4A protease inhibitor
with antiviral activity against G1, G2, G4, G5, and G6. All cirrhotic patients (100%) 28/28
achieved SVR4. The treatment was safe and well tolerated, with no major adverse effects. The
study is ongoing, and final results will be reported later [71]. A recent report from Qatar has
examined the efficacy and safety of Sofosbuvir/daclatasvir and Sofosbuvir/Simeprevir on 85
patients. SVR4 was achieved in 96% of the study population [72].

5.5. Ombitasvir, ritonavir and paritaprevir

The combination of ombitasvir, ritonavir and paritaprevir was evaluated in a large cohort of
non cirrhotic genotype-4 patients. After 12 weeks of treatment, 100% of naïve patient who had
RBV containing regimen achieved SVR compared to 90.9% in the RBV free regimen. Further-
more, all treatment experienced patients achieved SVR [73]. This combination when used with
RBV was also found very effective in HCV genotype-4 with compensated (child A) cirrhosis.
Twelve and 16 weeks of treatment resulted in SVR12 of 97 and 100%, respectively [74]. This
regimen in addition to dasabuvir was also effective in cirrhotic genotype 1b patient. SVR 12
was 100% in 60 compensated cirrhotic patients [75]. The regimen is contraindicated in Child
Pugh classes B and C cirrhosis. More recently, an open-label, partly randomised trial in patients
with chronic HCV genotype 4 infection was conducted in Egypt. One hundred and sixty
patients were included; 100 patients were assessed as not having cirrhosis and were given 12
weeks of treatment, and 60 patients assessed as having cirrhosis were randomly assigned to
the 12-week treatment group (n = 31) or the 24-week treatment group (n = 29). Ninety-four
(94%) of 100 patients in the without cirrhosis group, 30 (97%) of 31 patients in the cirrhosis 12-
week treatment group, and 27 (93%) of 29 patients in the cirrhosis 24-week treatment group
achieved SVR12. Adverse events were predominantly mild or moderate in severity, and
laboratory abnormalities were not clinically meaningful. No patients discontinued treatment
because of an adverse event [76].

5.6. Elbasvir/grazoprevir

In a recent study, an SVR rate of 96% was achieved in 56 treatment-naïve patients receiving 12
weeks of elbasvir-grazoprevir. In contrast, SVR rates were lower with only 12 weeks among a
small number of treatment-experienced patients (78% in 9 patients) but were higher with the
addition of ribavirin and treatment extension to 16 weeks (100% in 8 patients). SVR rates were
similar in patients with and without cirrhosis. However, this regimen is contraindicated in
Child Pugh classes B and C cirrhosis [77].
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5.7. Sofosbuvir/velpatasvir

Sofosbuvir and velpatasvir (NS5A inhibitor) is a pangenotypic combination that was recently
evaluated in the ASTRAL-1 trial that included 624 naïve and treatment experienced patients,
of whom 116 (19%) were genotype-4. Patients with compensated cirrhosis (19%) were included
and all genotype-4 patients achieved SVR (100%) after 12 weeks of RBV-free treatment [78]. A
phase 3 open-label study involving patients infected with HCV genotypes 1 through 6 who
had decompensated cirrhosis was recently conducted. Patients were randomly assigned in a
1:1:1 ratio to receive sofosbuvir and velpatasvir once daily for 12 weeks, sofosbuvir-velpatasvir
plus ribavirin for 12 weeks, or sofosbuvir-velpatasvir for 24 weeks. Overall rates of sustained
virologic response were 83% among patients who received 12 weeks of sofosbuvir-velpatasvir,
94% among those who received 12 weeks of sofosbuvir-velpatasvir plus ribavirin, and 86%
among those who received 24 weeks of sofosbuvir-velpatasvir [79].

6. Treatment after liver transplantation

Earlier studies on preemptive treatment prior to established disease recurrence were disap-
pointing. The conclusion of these studies was that the outcome of preemptive treatment was
similar to that of controls in terms of histological recurrence, graft loss, and death [80, 81].
Treatment regimens in these studies were interferon based which resulted in poor tolerability,
renal impairment, cytopenias, and drug interactions. DAAs have revolutionized the manage-
ment of HCV infection in the posttransplant setting. Recent clinical trials have shown high
sustained virologic response rates, shorter durations of treatment, and decreased adverse
events when compared with the previous PEG-INF based therapy. However, most of these
studies were performed in HCV-G1-infected patients. Data on treating HCV-G4 recurrence
following liver transplantation are limited (Table 2).

6.1. Pegylated interferon and ribavirin

Reported SVR rates for pegylated interferon combination therapy following liver transplan-
tation are lower than those in the nontransplant population. Treatment regimens have been
hindered by a high incidence of adverse effects, leading to treatment withdrawal.

Dabbous et al. evaluated 243 patients transplanted for HCV-G4-related cirrhosis. All patients
had a protocol biopsy 6 months post-transplant. Patients received PEG-IFN and ribavirin in
case of histological recurrence. Repeated liver biopsies were performed at 3, 6, and 12 months
during treatment for the detection of immune-mediated rejection induced by interferon. Fifty-
six (23%) patients had evidence of histopathological disease recurrence, and 42 patients
completed the treatment. Five patients were excluded due to fibrosing cholestatic hepatitis
(FCH); therefore, 37 patients were included in the study. The patients received treatment in
the form of combined PEG-IFN and RBV. Erythropoietin and granulocyte colony-stimulating
factor were used in 70% of patients. SVR was achieved in 29 (78%) patients. The high SVR rate
in this study was attributed to several factors, including the early treatment protocol, exclusion
of patients with fibrosing cholestatic hepatitis and aggressive treatment of hematological
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complications [82]. Conversely, in the largest series reported from Europe, Ponziani et al.
evaluated treatment responses in 17 Italian patients with HCV-G4 recurrence following liver
transplantation. The observed overall survival after LT was 100% at 1 year and 83.3% at 5 years.
Thirty-five percent of patients achieved SVR. However, this retrospective study included
patients treated in the 1990s with conventional interferon; the drug tolerability, the lack of
aggressive management of hematological side effects and the inclusion of patients with
advanced liver disease contributed to the low response rate [83]. In a recent study from Saudi
Arabia, 25 patients infected with HCV-G4 were treated with PEG-IFN alpha-2a and RBV [84].

Study Sample

size 

Genotypes SVR Treatment protocol

Ajlan [88] 36 4 91.6% SOF + RBV + PEG − INF for 12 weeks or

SOF + RBV for 24 weeks

Dabbous [27] 39 4 76% SOF + RBV for 24 weeks

Charlton [89] 40 All (1 genotype 4) 70% SOF + RBV for 24 weeks

Forns [90] 104 1, 2, 3, 4 59% SOF + RBV for 24–48 weeks

Abergel [91] 44 4 93% SOF + LDV for 12 weeks

Charlton [68] 108 1 and 4 96–98% in compe

nsated cirrhosis 85–88% in

cirrhosis with mild hepatic

dysfunction

60–75% in cirrhosis with se-

vere hepatic dysfunction

SOF + LDV + RBV for 12–24 weeks

Manns [92] 227 1(200) and 4(27) 92.5% of genotype 4 pa-

tients

SOF + LDV + RBV for 12–24 weeks

Dumortier [94] 125 All (11 genotype

4) 

92% Predominant SOF/daclatasvir ± RBV

Coilly [95] 137 All (12 genotype

4) 

96% SOF + daclatasvir (DAC)

Leroy [97] 23 (all with

FCH)

All 96% SOF + DCV for 24 weeks

SVR = sustained virological response,
SOF = sofosbuvir,
RBV = ribavirin,
LDV = ledipsavir,
DCV = daclatasvir,
SIM = simeprevir,
FCH = fibrosing cholestatic hepatitis,
PEG-INF = pegylated interferon.

Table 2. Prospective studies that included HCV-G4 patients following liver transplantation.
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Pretreatment liver biopsies were obtained from all patients. Biochemical and virological
markers were assessed before, during, and after treatment. Five patients had advanced
pretreatment liver fibrosis. Eighty-eight percent achieved an early virological response; of
those, 15 (60%) and 14 (56%) patients achieved end of treatment virological response and SVR,
respectively. The most common adverse effects were flu-like symptoms and cytopenia.
Eighteen patients (72%) required erythropoietin alpha and/or granulocyte-colony stimulating
factor as a supportive measure. One patient developed severe rejection complicated by sepsis,
renal failure, and death. Other adverse effects included depression, mild rejection, impotence,
itching, and vitiligo. The relatively high response rate in this study may have been due to the
treatment-naïve status of the patients, the use of growth factors that allowed patients to
complete their course of therapy, the low treatment-withdrawal rate, and the reduction in
immunosuppressive therapy during treatment.

The results of these studies suggest that post-transplant treatment outcomes for HCV-G4 are
likely better than for G1 and less favorable than for G2 and G3. This response pattern among
the different genotypes parallels the response pattern in the immunocompetent population.
The availability of newer treatment options with better safety profiles is drawing attention
away from PEG-IFN and RBV.

7. HCV treatment in the new antiviral era

7.1. Telaprevir and boceprevir

Following the approval of telaprevir (Incivek™) and boceprevir (Victrelis™) for G1 treatment
outcomes improved [85, 86]. Treatment regimens for chronic HCV-G1 infection include a
combination of either of these protease inhibitors three times daily with once-weekly subcu-
taneous injections of PEG-IFN and twice-daily oral RBV. These new combinations increased
SVR to 80% and 63–66%, respectively, in nontransplant patients. Some studies have reported
poor clinical outcomes of the use of telaprevir and PEG-IFN in patients with HCV-G4 [87].
Burton et al. conducted a retrospective cohort study of 81 patients with genotype 1 HCV treated
with boceprevir (10%) or telaprevir (90%) plus PEG-IFN and RBV at six US transplant centers
(53% stage 3–4/4 fibrosis, 57% treatment experienced). The intent-to-treat SVR12 rate was 63%.
Adverse effects were common; 21% of patients developed anemia (hemoglobin < 8 g/dl) and
57% required blood transfusions during the first 16 weeks. Twenty-seven percent were
hospitalized and 9% died; all were liver-related [88]. Although the use of these two DAAs in
post–liver transplant patients resulted in SVR up to 60% with telaprevir, nonresponders were
observed in the boceprevir treatment, and it was associated with severe side effects, including
severe anemia that required erythropoietin, RBV dose reduction and red blood cell transfu-
sions. Significant drug interactions also occurred with immunosuppressants, requiring
average cyclosporine dose reductions of 50–84% after telaprevir initiation and 33% after
boceprevir initiation. Tacrolimus doses were reduced by 95% with telaprevir [27]. These
significant side effects coupled with the introduction of safer antiviral drugs have shifted HCV
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treatment away from these agents; in fact, these agents are contraindicated by many liver
association.

7.2. Sofosbuvir and ribavirin

SOF has become a cornerstone of the management of HCV infection because of its favorable
pharmacological and drug interaction profiles. However, there are very limited data on the
use of SOF in patients with HCV recurrence post–liver transplant, particularly G4. Ajlan et al.
conducted an open label prospective cohort study at a tertiary care hospital in Saudi Arabia.
The primary endpoint was SVR12 in patients treated with sofosbuvir-based therapy in post-
liver transplant patients with genotype 4 HCV recurrence. Thirty-six treatment-experienced
liver transplant patients with HCV recurrence received sofosbuvir and ribavirin with or
without PEG-INF. The majority of patients had ≥stage 2 fibrosis. Twenty-eight patients were
treated with PEG-IFN and RBV in addition to SOF for 12 weeks and the remaining were treated
with SOF and RBV only for 24 weeks. By week 4, only four (11.1%) patients had detectable
HCV RNA. Of the 36 patients, two (5.5%) relapsed and one died (2.75%) [89]. Another recent
study evaluated the efficacy, safety, and tolerability of SOF and RBV in LDLT recipients with
recurrent HCV-4. In this study Thirty-nine Egyptian LDLT recipients were treated for recurrent
HCV after LDLT with SOV and RBV without PEG-IFN for 6 months. Thirty eight patients
completed 24 weeks of treatment and were followed for 12 weeks after end of treatment. One
patient died during the first week of treatment. SVR was achieved by 76% (29/38) of recipients.
SVR was significantly higher in treatment-naïve patients and in recipients with a low stage of
fibrosis. Only two patients developed severe side effects wile on treatment in the form of severe
pancytopenia and acute renal failure [90]. A recent prospective multicenter study enrolled 40
patients with compensated recurrent HCV infection of any genotype after a primary or
secondary liver transplantation. All patients received 24 weeks of SOF 400 mg daily and RBV.
Of the 40 patients enrolled and treated, 40% had biopsy proven cirrhosis, and 88% had been
previously treated with interferon. SVR12 was achieved by 28 of 40 patients. Relapse accounted
for all cases of virological failure, including the only patient with HCV-G4. The most common
adverse events were fatigue (30%), diarrhea (28%), and headache (25%). In addition, 20% of
the subjects experienced anemia. No deaths, graft losses, or episodes of rejection occurred. No
interactions with any concomitant immunosuppressive agents were reported [91]. A recent
post-transplantation study was conducted in which SOF and RBV were provided on a
compassionate-use basis to patients with severe recurrent HCV, including those with fibrosing
cholestatic hepatitis (FCH) and decompensated liver cirrhosis with a life expectancy of <1 year.
Data from the first 104 patients who completed or prematurely discontinued treatment were
included. All patients received SOF and RBV for 24–48 weeks. Investigators were allowed to
add PEG-IFN to the regimen at their discretion. The study population included patients
infected with HCV- G4. The overall SVR rate was 59% and was higher (73%) in those with
early severe recurrence. At the end of the study, 57% of patients displayed clinical
improvement, 22% were unchanged, 3% had worsened clinical status, and 13% had died.
Overall, 123 serious adverse events occurred in 49 patients (47%). Serious adverse events
associated with hepatic decompensation were the most frequent, with 26 adverse events
occurring in 19 patients (18%) [92].
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7.3. Sofosbuvir/ledipasvir with or without ribavirin

Abergel evaluated the efficacy and safety of therapy with LDV and SOF in patients with HCV
genotype 4. Forty-four patients (22 treatment naïve and 22 treatment experienced) received a
fixed-dose combination tablet of 90 mg LDV and 400 mg SOV orally once daily for 12 weeks.
Among study participants, HCV genotype 4 subtypes were well represented (4a, n = 25; 4d, n
= 10; other subtypes, n = 9). Ten patients (23%) had compensated cirrhosis. All 44 patients
completed the full 12 weeks of treatment. The SVR12 rate was 93% and was similar in treat-
ment-naïve (95%, 21/22) and treatment-experienced (91%, 20/22) patients. The three patients
who did not achieve SVR12 had virological relapse within 4 weeks of the end of treatment; all
three had a high baseline HCV RNA, a non-CC IL-28B genotype, and pretreatment NS5A
resistance-associated variants. None of the patients experienced a serious adverse event [93].

Cohort B (of the previously described Solar-1 study) enrolled patients who had undergone
liver transplantation and included patients with various degrees of disease severity. Patients
were randomly assigned to receive a fixed-dose combination tablet containing LDV and SOF
plus RBV for 12 or 24 weeks. The cohort included 108 post-transplant patients. SVR12 was
achieved in 96–98% of patients without cirrhosis or with compensated cirrhosis, in 85–88% of
patients with moderate hepatic impairment, in 60–75% of patients with severe hepatic
impairment, and in all six patients with FCH. Response rates were also similar in the 12- and
24-week groups [68]. An open-label study at 34 sites in Europe, Canada, Australia, and New
Zealand recruited two groups of patients, cohort A included patients with Child-Turcotte-
Pugh class B (CTP-B) or CTP-C cirrhosis who had not undergone liver transplantation. Cohort
B included post-transplantation patients who had either no cirrhosis; CTP-A, CTP-B, or CTP-
C cirrhosis; or fibrosing cholestatic hepatitis. Patients in each group were randomly assigned
(1:1) using a computer-generated randomisation sequence to receive 12 or 24 weeks of LDV
(90 mg) and SOF (400 mg) once daily, plus ribavirin (600–1200 mg daily). Of 333 patients who
received treatment, 296 had genotype 1 HCV and 37 had genotype 4 HCV. Among all patients
with genotype 4 HCV, SVR12 was achieved by 14 of 18 (78%) patients (12 weeks treatment)
and 16 of 17 (94%) patients (24 weeks treatment). Of the five patients who did not achieve
SVR12, three—all receiving 12 weeks of treatment—had virological relapse, and two died (one
post-transplantation CTP-A on 12 weeks of treatment, and one untransplanted CTP-C on 24
weeks of treatment) and were not included in the analysis. Twenty five of twenty seven HCV-
G4 in cohort B of the study achieved SVR the only two relapsers were cirrhotics [94]. Despite
including G1 and G4 in these studies, the number of HCV-G4 infected patients was relatively
small, limiting solid conclusions on the response of HCV-G4.

The safety profile of LVD/SOF with RBV was evaluated in a pooled analysis of two large
multicenter studies (Solar-1 and -2). The patients involved were either cirrhotic or post–liver
transplantation patients (616 G1 and 42 G4) and were randomized to 12 or 24 weeks of
treatment. Of 134 SAEs, only 20 were related to treatment. RBV-associated anemia was the
most common adverse effect, representing 11/20 (55%) of reported drug-related adverse
events [95].
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7.4. Sofosbuvir/daclatasvir

Data on the use of DCV in the post-transplant setting for HCV-G4-infected patients are limited.
A prospective multicenter cohort including patients with HCV-recurrence following LT treated
with second generation direct antivirals was conducted. The aim of the t study was to assess
efficacy and tolerance of sofosbuvir (SOF)-based regimens for the treatment of HCV recurrence
in patients with severe fibrosis after LT. A SOF-based regimen was administered to 125 patients
including patients infected with HCV-G4 (11 patients). The main combination regimen was
SOF/DCV (73.6%). SVR12 was 92.8% (on an intent-to-treat basis); seven cases of virological
failure were observed including 1 HCV-G4 patient treated with SOF/daclatasvir (DAC)
combination [96]. In another multicenter prospective study137 patients with HCV recurrence
receiving SOF and DCV, were included whatever the genotype or fibrosis stage. This cohort
included 12 patients infected with HCV-G4. The primary efficacy end point was a sustained
virological response 12 weeks after the end of treatment. The SVR rate 12 weeks after com-
pleting treatment was 96% under the intention-to treat analysis and 99% when excluding non-
virological failures. Only two patients experienced a virological failure. The serious adverse
event rate reached 17.5%. Four patients (3%) stopped their treatment prematurely because of
adverse events. Anaemia was the most common adverse event, with significantly more cases
in the RBV group. No clinically relevant drug–drug interactions were noted, but 52% of
patients required a change to the dosage of immunosuppressive drugs [97]. Fontana et al. in
a retrospective multicenter study evaluated daclatasvir (DAC)/SOF combination post liver
transplantation in established HCV recurrence including HCV-4 patients. Eighty seven percent
of patients achieved SVR and the treatment was well tolerated [98]. Leroy et al. analyzed data
from 23 patients with FCH who participated in a prospective cohort study in France and
Belgium to assess the effects of antiviral agents in patients with recurrence of HCV infection
after liver transplantation. Three patients with G4 infection were included in this study (one
patient was treated with SOF/RBV, and two were treated with SOF/DCV). All patients survived
without re-transplantation. Rapid and dramatic improvements in clinical status were ob-
served. The patients’ median bilirubin concentration decreased from 122 μmol/L at baseline
to a normal value at week 12 of treatment. Twenty-two patients (96%) had a complete clinical
response at week 36, and 22 patients (96%) achieved SVR12, including all 3 patients infected
with G4 [99].

7.5. Sofosbuvir and simeprevir

Data on the use of SIM for HCV-G4 recurrence following liver transplantation are limited to a
small number of case reports and case series. In a recent report, three patients with HCV-G4
recurrence following liver transplantation were treated with SOF and SIM for 12–24 weeks.
All three had high pretreatment viral loads, and one patient had established cirrhosis. SVR12
was achieved in all three patients, with no significant adverse effects or drug interactions [100].
Obed A et al. reported a patient with a recurring HCV-G4 infection and fibrosing cholestatic
hepatitis following liver retransplantation, who was successfully treated with a combination
therapy of SIM and SOF without PEG-INF/RBV [101].
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in patients with severe fibrosis after LT. A SOF-based regimen was administered to 125 patients
including patients infected with HCV-G4 (11 patients). The main combination regimen was
SOF/DCV (73.6%). SVR12 was 92.8% (on an intent-to-treat basis); seven cases of virological
failure were observed including 1 HCV-G4 patient treated with SOF/daclatasvir (DAC)
combination [96]. In another multicenter prospective study137 patients with HCV recurrence
receiving SOF and DCV, were included whatever the genotype or fibrosis stage. This cohort
included 12 patients infected with HCV-G4. The primary efficacy end point was a sustained
virological response 12 weeks after the end of treatment. The SVR rate 12 weeks after com-
pleting treatment was 96% under the intention-to treat analysis and 99% when excluding non-
virological failures. Only two patients experienced a virological failure. The serious adverse
event rate reached 17.5%. Four patients (3%) stopped their treatment prematurely because of
adverse events. Anaemia was the most common adverse event, with significantly more cases
in the RBV group. No clinically relevant drug–drug interactions were noted, but 52% of
patients required a change to the dosage of immunosuppressive drugs [97]. Fontana et al. in
a retrospective multicenter study evaluated daclatasvir (DAC)/SOF combination post liver
transplantation in established HCV recurrence including HCV-4 patients. Eighty seven percent
of patients achieved SVR and the treatment was well tolerated [98]. Leroy et al. analyzed data
from 23 patients with FCH who participated in a prospective cohort study in France and
Belgium to assess the effects of antiviral agents in patients with recurrence of HCV infection
after liver transplantation. Three patients with G4 infection were included in this study (one
patient was treated with SOF/RBV, and two were treated with SOF/DCV). All patients survived
without re-transplantation. Rapid and dramatic improvements in clinical status were ob-
served. The patients’ median bilirubin concentration decreased from 122 μmol/L at baseline
to a normal value at week 12 of treatment. Twenty-two patients (96%) had a complete clinical
response at week 36, and 22 patients (96%) achieved SVR12, including all 3 patients infected
with G4 [99].

7.5. Sofosbuvir and simeprevir

Data on the use of SIM for HCV-G4 recurrence following liver transplantation are limited to a
small number of case reports and case series. In a recent report, three patients with HCV-G4
recurrence following liver transplantation were treated with SOF and SIM for 12–24 weeks.
All three had high pretreatment viral loads, and one patient had established cirrhosis. SVR12
was achieved in all three patients, with no significant adverse effects or drug interactions [100].
Obed A et al. reported a patient with a recurring HCV-G4 infection and fibrosing cholestatic
hepatitis following liver retransplantation, who was successfully treated with a combination
therapy of SIM and SOF without PEG-INF/RBV [101].
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8. Timing of treatment for patients on the transplant list

The management of hepatitis C virus (HCV) infection in patients with decompensated cirrhosis
has evolved dramatically. DAAs have shown to be safe and effective in patients with decom-
pensated cirrhosis with high SVR rates. However it is still debatable on when to initiate
treatment in patients with advanced liver disease (Figure 1). Many factors may contribute to
and affect the approach on an individual basis; for example, it may be better to defer treatment
in extremely ill patients. Belli et al. assessed the impact of DAAs on patients awaiting liver
transplant. They evaluated whether patients can be first inactivated due to clinicall improve-
ment and subsequently delisted in a real life setting. They included 103 consecutive listed
patients without hepatocellular carcinoma who were treated with different DAA combinations
in 11 European centers. Treated patient had a significant improvement in the median model
for end-stage liver disease (MELD) and Child Pugh score. They concluded that all oral DAAs
were able to reverse liver dysfunction and favoured the inactivation and delisting of about one
patient out-of-three and one patient out of- five in 60 weeks, respectively. Patients with lower
MELD scores had higher chances to be delisted. However, the longer term benefits of therapy
need to be ascertained [102]. Similarly Afdhal et al. evaluated the outcome of treatment with
SOF and RBV in compensated and decompensated cirrhotic patients. They also monitored the
clinical picture and measured the hepatic venous pressure gradient before and after treatment.
They observed a clinically meaningful improvement in portal hypertension in addition to
improvements in liver biochemistry, Child–Pugh score and model for end-stage liver disease
scores [103]. The potential benefits of treating patients on the waiting list include potential
improvements in overall clinical status that may salvage these patients from liver transplan-

Figure 1. Post transplant natural history of HCV recurrence with potential treatment strategies.
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tation; reducing post-transplant recurrence; and avoiding possible post-transplant drug–drug
interactions. One concern is that treating these patients may lower their MELD scores and drive
them down the transplant list, thus delaying transplantation despite persistent portal hyper-
tensive complications. The decision to treat HCV in patients with decompensated cirrhosis
should be individualized till short and long term outcome data become available.
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Abstract

Hepatitis C virus (HCV) has six well‐known genotypes in worldwide and has a very high 
genetic diversity. Introduction of DAAs leads to improvement of treatment results with 
SVR rates exceeding 95%. Development of HCV treatment resistance is a problematic 
issue that needs sufficient solutions. Many hosts, viral, and drug factors are implemented 
in the process of treatment resistance. Lack of clinical trials on treatment failure leads to 
lag in development of certain consensuses for retreatment.

Keywords: HCV‐DAAs, viral resistance, treatment failure

1. Introduction

Chronic hepatitis C virus (HCV) infection is a major health problem all over the world. The 
global prevalence of viremic HCV infection was reestimated between 64 and 103 million 
patients [1]. Chronic HCV patients suffered a long time from the complications of their dis‐
ease until the first discovery of interferon treatment. However, its modest response rate and 
the development of many adverse events were the major problem. Soon the dream seems 
to become true with the introduction of HCV direct acting antivirals (DAAs) in 2014. Their 
higher rates of response and minimally observed adverse events encourage more patients to 
go for treatment. In addition, patients with advanced fibrosis and cirrhosis find a new hope 
to stop the progression of their disease. Three classes of DAAs (protease inhibitors, NS5A 
inhibitors, and polymerase inhibitors) targeting three HCV enzymatic nonstructural proteins 
were approved for treatment in many countries [2]. Variability of treatment efficacy among 
patients makes it difficult to control the infection; while for some patients, weak antivirals and 
short‐term treatments are sufficient, others require combination therapies with several highly 
active antivirals for longer durations [3].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Despite the high rates of virological cure achieved with these treatments, the infection is not 
eliminated from a substantial number of patients (1–15%, depending on the patient status and 
regimen used) [4]. Patients and researchers started to face the new problem of drug resistance. 
In this review, HCV treatment failure in the era of DAAs will be discussed in the context of 
factors affecting development of resistance, diagnosis, and management.

2. Treatment from interferon to DAAs

Hepatitis C virus (HCV) has six well‐known genotypes in worldwide [5–10] with multiple 
subtypes (a, b, c, etc.). RNA sequence may vary by 35% between different genotypes. HCV 
has a very high genetic diversity and very high rate of replication (>10 trillion virions/day), 
and due to this replication rate, significant genetic errors occur and a continuous process of 
correction is already running to optimize the replication and sequencing of the virus genes; 
failure of error correction leads to the formation of genetic drifts [5]; these drifts are repre‐
sented either in the form of genotypes or quasispecies. Table 1 shows the difference among 
genotypes, subtypes, and quasispecies.

The presence of different HCV genotypes does not exhibit a major clinical implication on the nat‐
ural history of the disease and its progression, yet it has a great influence on treatment outcome. 
The best results for treatment in the past era of pegylated interferon (PegIFN) and ribavirin (RBV) 
were achieved in genotypes 2, 3 (80–90%) with less favorable results in genotypes 1, 4 (40–50%) 
and intermediate results in genotypes 5, 6 (60–70%). Failure of treatment during this era had no 
satisfactory solutions rather than retreatment using the same regimen or changing the pegylated 
interferon type (between alpha 2a and alpha 2b) or even extending the treatment duration.

Introduction of the direct acting antivirals (DAAs) in the playground of HCV treatment repre‐
sents a major challenge with the rising number of approved molecules and its coming followers 
in the pipe of production and approval as shown in Table 2, although the very high response to 
these drugs, which sometimes exceeds 95% yet its limited failure, represents a problematic issue.

DAAs permit to treat different categories of patients who could not be treated easily in the past 
due to the low efficacy and safety of pegylated interferon such as those with advanced liver dis‐
ease (CHILD‐PUGH B, C), autoimmune diseases, polymedicated patients, renal impairment, 
postorgan transplantation, etc. Implementation of larger groups to the treatment pipe leads to 
expulsion of more numbers of treatment failures asking for better solutions for retreatment.

Genotypes, subtypes Quasispecies

Difference in RNA sequence Mutation during replication

Major genetic differences Minor genetic differences

Does not change Continue to evolve over time

Table 1. Differences between genotypes, subtypes, and quasispecies.
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All the previously mentioned molecules have different characteristics regarding the potency, 
genotype coverage, and barrier to resistance. Table 3 shows the characteristics of DAAs mol‐
ecules [6].

Different continental guidelines for HCV management describe different treatment regimens:

1. PegIFN‐based regimens (e.g., PegIFN + RBV + Sofosbuvir, PegIFN+RBV + Simeprevir, 
PegIFN + RBV + Daclatasvir)

2. PegIFN‐free sofosbuvir‐based regimens ± ribavirin (Sofosbuvir + Daclatasvir, Sofosbuvir + 
Simeprevir, Sofosbuvir + Ledipasvir, Sofosbuvir + Velpatasvir)

3. PegIFN‐free Sofosbuvir‐free regimens ± ribavirin (Paritaprevir/r + Ombitasvir ± Dasabuvir, 
Grazoprevir + Elbasvir)

Agent class Generation Compound Phase of clinical 
development

NS3‐4A protease inhibitors First‐wave
First‐generation

Telaprevir
Boceprevir

Approved

Second‐wave
First‐generation

Simeprevir
Paritaprevir/ritonavir

Approved

Asunaprevir
Vaniprevir
Sovaprevir

In clinical development

Second‐generation Grazoprevir Approved

ACH‐2684 In clinical development

Nucleoside/nucleotide 
analogues

Nucleotide analogues Sofosbuvir Approved

MK‐3682
ACH‐3422
AL‐335

In clinical development

Nonnucleoside inhibitors Palm domain I inhibitors Dasabuvir Approved

Thumb domain I inhibitors Beclabuvir In clinical development

Thumb domain II 
inhibitors

GS‐9669 In clinical development

NS5A inhibitors First‐generation Daclatasvir
Ledipasvir
Ombitasvir

Approved

Second‐generation Elbasvir
Velpatasvir

Approved

ACH‐3102 In clinical development

Table 2. DAAa pipeline current situation (April 2016).
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3. Definitions

The terms RAVs, RASs, resistant variants, and sensitive variants were recently used in clinical 
practice to describe the susceptibility to an administered DAA. Using these definitions paved 
the way to understand more about HCV treatment failure when using DAAs. Pawlotsky has 
described well these terms as mentioned below [4]:

3.1. Viral resistance

Positive selection of viral variants with reduced susceptibility to an administered DAA.

3.2. Resistance‐associated variant (RAV)

It is often used to indifferently describe the amino acid substitutions that reduce the sus‐
ceptibility of a virus to a drug or drug class or, alternatively, the viral variants with reduced 
susceptibility that carry these substitutions.

3.3. Resistance‐associated substitutions (RASs)

The amino acid substitutions that confer resistance.

3.4. Resistant variants

The viral variants carrying these RASs and thereby have reduced susceptibility to the DAA.

3.5. Sensitive variants

Viral variants that do not contain amino acids that confer reduced susceptibility to the antiviral 
action of an HCV DAA (contain only the original wild‐type amino acids of the viral strains).

3.6. Fitness‐associated substitution(s)

Single amino acid changes that do not alter DAA susceptibility but increase the power of 
replication (fitness of the resistant variants).

Drug group Potency Genotype coverage Resistance barrier

NS3‐4A protease inhibitors +++ +++ ++

NS5A inhibitors +++ +++ ++

Nucleoside/nucleotide 
analogues

+++ +++ +++

Nonnucleoside inhibitors ++ + +

Table 3. Characteristics of DAAs molecules.
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Prior to therapy, multiple baseline HCV resistant‐associated variants (RAVs) are already 
present but usually at a very low undetectable limit. After treatment with DAAs, a sharp 
decline of HCV viremia occurs within the first treatment days and a competition between 
sensitive variants and resistant variants will determine which of the following scenarios will 
be encountered after stoppage of the administered drug:

(1) The drugs success to eliminate both sensitive and resistant variants and the patient suc‐
ceed to achieve sustained virologic response (SVR).

(2) The drug eliminates the HCV sensitive variants and rendering the resistant variants and 
after stoppage of treatment both resistant and sensitive variants are restored to the same 
baseline picture and continue to replicate.

(3) The drug eliminates the HCV sensitive variants and rendering the resistant variants and 
after stoppage of treatment the resistant variants replicate as a dominant virus.

4. Factors affecting the outcome and HCV resistance

Failure of treatment and development of resistance are a multifactorial process depending 
on host‐related factors, virus‐related factors, and drug‐related factors as shown in Figure 1.

4.1. Host‐related factors

Introduction of DAAs eliminates multiple host factors, which affect previous treatment with 
PegIFN and ribavirin, yet several host factors still persist:

Figure 1. Factors affecting treatment outcome and development of resistance.
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(1) Adherence to therapy: achievement of the best drug response surely will be better in case 
of proper administration of the drug with its proper dose at regular times and respect of 
food relations as recommended by the manufacturer.

(2) HIV, post‐organ transplantation and polymedicated patients: revision of the drug‐drug 
interactions map is necessary in those patients to avoid the effect of other drugs in reduc‐
ing the plasma level of anti‐HCV drugs.

(3) Treatment status: most of clinical trials on DAAs showed mild better response in treat‐
ment naïve patients than those who previously failed treatment with PegIFN/RBV.

(4) Hepatic fibrosis stage: patients with advanced fibrosis stage remain the most difficult to treat 
group even under the umbrella of DAAs which showed a wide variable results in cirrhotics 
ranged between 33 and 100% [7]. Addition of ribavirin and prolonged treatment duration 
may offer the best chance for those patients in achieving sustained virological response.

4.2. Virus‐related factors

(1) Genotype: treatment with PegIFN/RBV/Sofosbuvir represents the regimen that showed 
remarkable potency against all HCV genotypes. IFN‐free regimens should be selected pri‐
marily based on genotype as we have pangenotypic regimens (Sofosbuvir + Velpatasvir 
± RBV, Sofosbuvir + Daclatasvir ± RBV, Paritaprevir‐ritonavir/Ombitasvir ± Dasabuvir ± 
RBV), regimens fit for all genotypes except genotype 3 (Sofosbuvir + Simeprevir ± RBV, 
Sofosbuvir + Ledipasvir ± RBV), and individualized regimens for genotypes 2‐3‐4 (Sofos‐
buvir + RBV).

(2) Baseline RAVs: The presence of baseline RAVs seems to be associated with variable degrees 
of treatment response. Zeuzem et al. [8], observed no significant difference in response in 
noncirrhotic genotype 1 patients treated with Sofosbuvir and ledipasvir between those 
with baseline RAVs and others without RAVs in different treatment status and durations 
(98% in RAVs group vs. 99% in no RAVs group in naïve patients treated for 8 weeks, 99% in 
RAVs group vs. 99% in no RAVs group in naïve patients treated for 12 weeks, 90% in RAVs 
group vs. 99% in no RAVs group in experienced patients treated for 12 weeks). However, 
a significant difference was observed in cirrhotic patients (88% in RAVs group vs. 100% in 
no RAVs group in naïve patients treated for 24 weeks, 87% in RAVs group vs. 100% in no 
RAVs group in experienced patients treated for 24 weeks) [4]. In C‐EDGE study, Zeuzem 
et al. showed a great influence of baseline RAVs on treatment outcome in HCV GT1 pa‐
tients treated with grazoprevir/elbasvir combined with very low SVR (22%) in GT1a pa‐
tients with NS5A baseline RAVs > fivefolds potency loss [9]. No effect on SVR in genotype 
1 HCV patients with or without cirrhosis with baseline RAVs treated with combination of 
ombitasvir, r‐paritaprevir, and dasabuvir, with or without ribavirin, for 12 or 24 weeks in 
four phase three clinical trials [11]. When Sofosbuvir/Daclatasvir combination was used, 
the presence of NS5A baseline RAVs is associated with reduced rates of SVR in under‐
treated (too short duration, no ribavirin) patients with cirrhosis and genotype 3 infection 
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[12]. In addition, the presence of NS3 protease RAS Q80K was associated with a reduced 
rate of SVR in patients with HCV genotype 1a infection and cirrhosis, especially if they 
failed to respond to previous pegylated IFN–based treatment [13, 14].

4.3. Drugs‐related factors

(1) Potency and genetic barrier: the ideal drug for HCV treatment is not only potent but also 
could keep this potency against all HCV strains until cure which is known as resistant 
barrier (Table 3).

(2) Drugs combinations: lessons learned from HIV and TB management of drug resistance, 
multiple drug resistance and extensive drug resistance, outlining the frame of HCV treat‐
ment. Using multiple potent drugs for ideal durations is the best way to achieve HCV cure.

(3) Posttreatment RAVs: emergence of posttreatment RAVs has a major impact on retreat‐
ment decision. NS3‐4a RAVs appearing after treatment failure usually persists for short 
durations (12–18 months) posttreatment [10] while longer durations were observed in 
NS5A RAVs which sometimes persist for years [4, 15]. On the other hand, appearance of 
RAVs to Nucleoside/nucleotide analogues is extremely rare, and if happened, it is usu‐
ally nonreplicative [16]. Tables 4–6 show the different amino acid variants causing either 
resistance or cross‐resistance in different DAAs classes.

Variant Boceprevir Telaprevir Simeprevir Paritaprevir

V36 R R ‐ S

T54 R R ‐ ‐

V55 R ‐ ‐ S

V107 S ‐ ‐ ‐

R155 R R R S

A156 R R ‐ ‐

V158 S ‐ ‐ ‐

D168 S S R R

I/V 170 R ‐ R ‐

M175 S ‐ ‐ ‐

I132 ‐ S ‐ ‐

Q80 ‐ ‐ R ‐

S122 ‐ ‐ R ‐

Y56 ‐ ‐ ‐ R

Table 4. Resistance and cross‐resistance in NS3‐4A protease inhibitors.
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Variant Sofosbuvir Dasabuvir

S282T R R

A421V ‐ R

P495S/Q/L/A/T ‐ R

C316Y/N ‐ R

L419S ‐ R

S368T ‐ R

R422K ‐ R

M414T/I/V/L ‐ R

M423T/I/V/L ‐ R

Y448C/H ‐ R

I482L/V/T ‐ R

G554D/S ‐ R

A486/V/I/T/M ‐ R

S556G ‐ R

V494A ‐ R

D559G ‐ R

Table 6. Resistance in NS5B inhibitors.

Variant Daclatasvir Ledipasvir Ombitasvir Elbasvir Velpatasvir

M/L/L28 R ‐ ‐ ‐ ‐

P29 S ‐ ‐ ‐ ‐

Q/R/L30 R ‐ ‐ ‐ ‐

L31 R R ‐ R ‐

P32 S ‐ ‐ ‐ ‐

H/P58 R ‐ ‐ ‐ ‐

E62 S ‐ ‐ ‐ ‐

A92 S ‐ ‐ ‐ ‐

Y93 R R R R R

M28 ‐ S R R ‐

Q30 ‐ R R R ‐

H58 ‐ S S ‐ ‐

M/L28 ‐ ‐ R ‐

Table 5. Resistance and cross‐resistance in NS5A inhibitors.
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5. Diagnosis of HCV RAVs

5.1. Diagnosis of resistance in clinical practice is conducted by two methods

(1) Phenotypic analysis: used to determine the optimum plasma concentration (effective con‐
centration, EC50 EC90) of the dug sufficient to inhibit the viral replication.

RAVs are typically associated with a change in the shape of the binding or interaction site 
of DAAs to HCV target proteins. RAVs harbor different levels of resistance due to dif‐
ferent locations within the sites of interaction and different chemical structures of DAAs 
targeting the same site on the same HCV protein [3].

(2) Genotypic analysis (sequence analysis): used to detect the amino acids substitutes which 
cause drug resistance and treatment failure [17]. Clonal and deep sequencing technologies 
allow reliable detection of viral variants with a frequency down to 0.5–1% and commonly 
accepted level reached to 15% [18]. Generally, due to the high heterogeneity of HCV iso‐
lates and methodological restrictions all sequencing technologies may miss detection of 
RAVs due to nonamplification based on HCV RNA secondary structures, primer selec‐
tion, and low frequencies within HCV quasispecies [3].

Resistance testing in clinical practice is not so easy, but it is actually very difficult. Limited 
number of well‐equipped virological labs all over the world that can deal with these tests, 
experienced hands and the ability to interpret the results correctly, make testing for resistance 
a time and money consuming procedure and balancing the benefit versus the cost should be 
considered especially when dealing with large populations having different genotypes.

5.2. Timing of HCV resistance testing

Because of the above‐mentioned limitations, resistance testing is not recommended before start‐
ing therapy with DAAs for the first time; especially in areas where HCV is highly endemic. 
Instead, trying to give patients the best chance of cure through using multiple drugs, adding rib‐
avirin or prolongation of the treatment duration if needed may be a good decision; also testing at 
the time of treatment failure usually associated with high prevalence of quasispecies and RAVs.

On the other hand, testing of resistance before retreatment of patients who fail to achieve 
virological response with DAAs may have a benefit for the proper selection of the best DAA 
drug for retreatment [4].

6. Management of drug failure and drug resistance

Clear evidence is still not available about the best regimens, best duration, and best time for 
retreatment of patients with DAAs failures, yet European association for the study of the 
liver (EASL) [19] and American association for the study of the liver diseases (AASLD) [20] 
released their interim opinions for retreatment options.

HCV Treatment Failure in the Era of DAAs
http://dx.doi.org/10.5772/67149

125



EASL guidelines recommend that Sofosbuvir should be a cornerstone in any retreatment trial 
due to its high barrier to resistance, addition of 1 or 2 other DAAs preferably with no cross‐
resistance with the failed drug, addition of ribavirin if tolerable and prolongation of treatment 
duration to 24 weeks especially in cirrhotics.

AASLD guidelines using Sofosbuvir‐based triple or quadruple DAAs with ribavirin if toler‐
able for 12–24 weeks in case of failure of Sofosbuvir‐based dual regimen, RAVs testing prior 
to retreatment and the final treatment options is tailored based on its results.

Review of some recent published data in Table 7 for retreatment of clinical trials appears to 
be insufficient to justify a competent guidelines, more data is needed to reach to the nearest 
figure to ideal. From these trials, we could choose one of the following models:

(1) The patients have no RAVs, so retreatment using the same failed regimen (or adding other 
drugs) could be allowed but add ribavirin if needed but not previously added and choose 
the ideal duration according to the patient status.

(2) The patient has RAVs to protease or polymerase inhibitors, which will disappear after 
few weeks or months, so we could choose either to wait until reset point or to use another 
family of DAAs like NS5A inhibitors plus sofosbuvir.

(3) The patient has RAVs to NS5A inhibitor drug without cross‐resistance, so the failed drug 
could not be used but other drugs from the same family could be.

(4) The patient has RAVs to NS5A inhibitor at certain sites leading to resistance and cross‐
resistance, so the whole NS5A members from the same wave could not be used, shifting 
to different wave of the family or changing the whole group to protease inhibitors will 
be the best way.

Description Retreatment regimen Results RAVs impact

Wyles et al. [21] 51 GT1 patients with 
previous treatment failure
25 patients failed PegIFN/
RBV/Sofosbuvir
20 patients failed 
Sofosbuvir/RBV
5 failed Sofosbuvir placebo/
PegIFN/RBV
1 failed GS‐0938 
monotherapy

Sofosbuvir + 
Ledipasvir + 
Ribavirin for 12 
weeks

50/51 (98%) SVR NA

Forns et al. [22] 79 GT1 patients with 
previous treatment failure
66 patients failed PegIFN/
RBV/protease inhibitor
12 patients intolerable to 
treatment with PegIFN/
RBV/protease inhibitor

Grazoprevir + 
Elbasvir + Ribavirin 
for 12 weeks

76/79(96.2%) 
SVR

‐100% in patients 
without baseline RAVs
‐91.2% with baseline 
NS3 RAVs
‐75% with baseline 
NS5A RAVs
‐66.7% in both NS3, 
NS5A RAVs
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resistance, so the whole NS5A members from the same wave could not be used, shifting 
to different wave of the family or changing the whole group to protease inhibitors will 
be the best way.
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‐75% with baseline 
NS5A RAVs
‐66.7% in both NS3, 
NS5A RAVs
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7. Conclusion

HCV elimination is a worldwide goal; curing infection with oral drugs for short duration and 
minimal adverse events is going on. Appearance of resistance to DAAs is disappointing to the 
clinicians and the researchers yet choosing the proper treatment regimen initially leading to 
minimizing this problem. The ideal RAVs testing and interpretation lead to the best options 
to justify the retreatment regimen.
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Description Retreatment regimen Results RAVs impact

Hézode et al. [23] Real world data
16 GT1, 4 patients with 
previous treatment failure
13 patients failed PegIFN/
RBV/daclatsvir/asunaprevir
3 patients failed PegIFN/
RBV/daclatasvir

Sofosbuvir + 
Simeprevir for 12 
weeks without 
ribavirin

14/16 (87.5%) 
SVR

Presence of Simeprevir 
RAVs (R155K and 
Q80K) had no effect on 
treatment outcome

Lawitz et al., 
C‐SWIFT [24]

25 GT1 patients failed 
Grazoprevir + Elbasvir + 
Sofosbuvir for 4, 6, or 8 
weeks

Grazoprevir + 
Elbasvir + Sofosbuvir 
+ RBV for 12 weeks

100% SVR No impact

Poordad et al. 
QUARTZ 1 [25]

22 GT1 patients with 
previous treatment failure 
to DAAs
14 patients to OBV/PTV/r 
+ DSV
2 patients to OBV/PTV/r
2 patients to telaprevir
2 patients to SOF
1 patient to simeprevir/
samatasvir 1 patient to 
simeprevir + SOF

‐OBV/PTV/r + DSV 
+ SOF for 12 weeks 
in patients without 
cirrhosis
‐OBV/PTV/r + DSV 
+ SOF + RBV for 
12 weeks in GT1a 
patients without 
cirrhosis
‐OBV/PTV/r + 
DSV + SOF + RBV 
for 24 weeks in 
GT1a patients with 
cirrhosis

14/15 (93%) SVR 
12 IN
patients treated 
for 12 weeks, 7/7 
(100 %) SVR 4 in 
patients
received 24 
weeks

No impact

Table 7. Review of recent data for retreatment.
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Abstract

Since the discovery of the hepatitis B virus (HBV) by Blumberg et al., nearly half a 
century ago, the subsequent development of a vaccine, understanding of the patho‐
genesis, and the advent of antiviral drugs, the prevalence of chronic hepatitis B has 
decreased from approximately 5% to 3.61% of the worldwide population. Despite this 
improvement, approximately 248 million individuals are still infected with the virus. 
Effective treatment of chronic hepatitis B is extremely important as a positive correla‐
tion has been observed between baseline viral load and the risk for the development 
of hepatocellular carcinoma (HCC). While there have been significant advancements 
in the management of hepatitis B virus with available nucleos(t)ide analogues, there 
remains much work to be done to prevent HCC. The molecular mechanism and the 
subsequent carcinogenesis and progression of chronic HBV carriers to HCC remain in 
large part poorly understood. While current treatment with nucleos(t)ide analogues has 
succeeded in maintaining undetectable viral levels in patients with chronic hepatitis B, 
eradication of the virus has not been possible, and there remains the risk of develop‐
ment of HCC. Therefore, more effective treatment regimens aiming for HBV cure are 
urgently needed. With multiple new therapies in the pipeline, the future of treating 
hepatitis B is an exciting and developing one, and hopefully, it will soon become a 
disease of the past.

Keywords: hepatitis B, hepatocellular carcinoma, anti‐HBV drugs, nucleos(t)ide 
analogues, HBV cure, HBV therapy

1. Introduction

In the past 50 years, since the discovery of the hepatitis B virus [1], the development of a 
vaccine, understanding of the pathogenesis, and the advent of antiviral drugs, the preva‐
lence of chronic hepatitis B has decreased from approximately 5% to 3.61% of the worldwide 
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 population [2]. Nevertheless, hepatitis B remains a common and frequently encountered con‐
dition, affecting approximately 248 million individuals in the world.

The vast majority of individuals with chronic hepatitis B are located in Africa and Eastern 
Asia. In the United States, over 2 million Americans are afflicted and the majority (1.5 mil‐
lion) are immigrants from foreign countries [3, 4]. Effective treatment of chronic hepatitis 
B remains of extremely high importance, as patients who have been found to have higher 
baseline viral loads have been shown to have increased rates of hepatocellular carcinoma 
(HCC) [5]. As the treatment landscape of hepatitis B has shifted from earlier regimens of 
interferon and lamivudine to newer agents, namely tenofovir and entecavir, there remains 
much work to be done to reduce viral loads in patients and prevent long‐term sequelae of 
cirrhosis and HCC. This chapter will discuss the natural history and potential carcinogenesis 
of hepatitis B virus, and will discuss current and possible future treatments, and the hope 
for an eventual cure.

2. Natural history of hepatitis B virus

In contrast to many known pathogens, hepatitis B virus (HBV) is not directly cytopathic 
to hepatocytes. Although not completely understood, the injury to the liver cells is in part 
through a host immune mechanism. Replicating HBV in hepatocytes produces HBsAg par‐
ticles and virions which are taken up by the antigen presenting cells. The viral proteins are 
degraded to peptides, which are presented on the cell surface bound to MHC class I or II 
molecules. MHC class I molecules are recognized by CD8 T cells and MHC II by CD4 T cells. 
Virus‐specific CD8+ cytotoxic T cells, with help from CD4+ T cells, recognize viral antigens 
presented on MHC class I chains on infected hepatocytes. This recognition reaction can lead 
to either direct lysis of the infected hepatocyte or the release of interferon‐γ and TNF‐a, 
which can down‐regulate viral replication in surrounding hepatocytes without direct cell 
killing [6].

In order to further discuss advancements in the understanding and treatment of HBV, it is 
important first to review the natural history of the disease. The cycle of chronic HBV infection 
primarily consists of five phases as shown in Figure 1 [7, 8].

In the initial infection phase, or so‐called immune tolerant phase, patients have very minimal 
inflammation. The hallmark of this phase is that these patients are found to be positive for 
HBeAg with high viral loads, typically >20,000 IU/mL (> 105 copies/mL) [9]. Conversely, they 
have normal aminotransferase (ALT) levels, and near‐normal liver parenchyma on biopsy 
[10]. This “immune tolerant” phase is relatively short when HBV is acquired in adulthood, 
but can be sustained for much longer periods of time with infections acquired at birth or in 
early childhood [11, 12]. The risk of progressing to the chronic carrier state is significantly 
higher in infections acquired at a younger age, including up to a 90% risk when infected 
perinatally, as compared to a less than 1% risk of progression when acquired as an adult 
[13, 14].
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Following the “immune tolerant” phase, patients progress into the “immune clearance” phase, 
which again consists of high viral loads and a persistently positive HBeAg. However, at this 
point patients begin experiencing increased inflammation, with elevated ALT levels, and 
potential hepatic decompensation [15, 16]. It is at this point when the viral DNA levels of 
HBV begin to decline, as does the presence of HBeAg. This is in large part due to the activated 
T‐cell immune response, and subsequent destruction of infected hepatocytes [6]. An outcome 
of the immune clearance phase is HBeAg seroconversion, which has been found to be critical 
in predicting progression to cirrhosis and HCC.

Following HBeAg seroconversion, patients typically enter an “inactive carrier” phase, where 
HBeAg becomes undetectable, and HBe antibodies (anti‐HBe) appear [17]. Typically the 
patient's viral load is low or undetectable and ALT returns to normal. Biopsy at this time will 
show minimal fibrosis and mild hepatitis. If the patient had experienced severe liver injury 
during the “immune clearance” phase, cirrhosis can also be present [17].

During the “reactivation phase”, patients who were previously infected with HBV again have 
a detectable viral load, elevated ALT, and inflammation seen on biopsy [18]. In contrast to the 
“immune tolerant” phase, however, these patients do not have HBeAg positivity, but do have 
positive anti‐HBe. As a result, this phase is known as the “HBeAg negative chronic hepatitis B” 
phase. As with the “immune clearance” phase, these patients can exhibit marked inflammation 
and hepatocyte destruction, and can experience hepatic decompensation during this phase.

The final phase of HBV infection is known as the “remission” or “inactive” phase, in which 
HBsAg may become negative, but anti‐HBe and anti‐HBc remain positive. Transaminases are 
normal at this time, and HBV viral loads are very low or undetectable.

Figure 1. Five phases of chronic hepatitis B *. * Adapted from Tong et al. (7) and modified by Halegoua‐DeMarzio and Hann (8).
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It is important to remember that once patients are infected, they remain positive for anti‐HBc 
IgG throughout even after they lose HBsAg and after they acquire anti‐HBs. Also, anti‐HBe 
may often remain detectable.

Furthermore, as part of the infection of HBV into human hepatocytes, HBV DNA converts 
itself into a covalently closed circular DNA, known as cccDNA, inside the hepatocyte nucleus 
[19]. This cccDNA serves as a template for transcription of HBV viral mRNAs, which translate 
and produce HBV proteins as well as provide a template for HBV DNA synthesis [20]. Thus, 
although a patient's viral load may be undetectable and HBsAg may become negative, the 
patient is not cured of HBV, as cccDNA will remain within hepatocytes.

3. Current treatments for chronic hepatitis B

Anti‐HBV treatment drugs have made significant progress in improving the health and lifes‐
pan of patients with HBV. Beginning with interferon in 1991, therapies have become more 
targeted with lower resistance profiles and more tolerable side effects. The ultimate goal of 
hepatitis B treatment is to achieve remission, i.e., sustained suppression of viral replication. 
This, in turn, will lead to prevention of progression to cirrhosis and/or HCC. Several studies 
have demonstrated the reduction of HCC development with antiviral drugs [21–26].

Currently there are six approved treatments for HBV. The details of drugs and efficacy are 
shown in Table 1.

Pegylated interferon alpha‐2a. The first treatment approved for HBV in 1991, pegylated 
interferon alpha‐2a, or peg‐IFN α‐2a, is an immunomodulator, which also displays a weak 
effect against the virus itself [27]. It is administered as an injection, which patients receive 
weekly for a total treatment of 48 weeks. It has been shown to produce HBeAg seroconver‐
sion in 27% of patients, and 25% of patients develop an undetectable HBV DNA load [28]. It 
has been shown to have the best response for those individuals with genotype A with either 
ALT > 2x ULN or low HBV DNA, and for genotypes B and C with ALT > 2x ULN and low 
HBV DNA [29]. Although an effective treatment in the past, peg‐IFN α‐2a is a small percent‐
age of current HBV treatments in the US [30]. Much of this is likely due to the requirement of 
an injection weekly, a large percentage of patients who fail to respond, and a significant side 
effect profile.

Lamivudine. The first nucleoside analogue approved for treatment of HBV, lamivudine 
(LMV) is a reverse transcriptase inhibitor. Functioning as a nucleoside analogue, it inhibits 
DNA synthesis of HBV. The treatment is extended across 1 year, and has been associated with 
a seroconversion rate of 16–18% at 1 year, and increases up to nearly 50% at 4 years [31, 32]. It 
is the least expensive of the nucleotide/nucleoside analogues, and is safe to use in pregnancy, 
which is one of its most common uses in current times. LMV has also been shown to reduce 
the rate of development of both fibrosis and HCC [33]. The most significant evidence of the 
effectiveness of LMV was shown in a randomized, controlled trial by Liaw et al., comparing 
LMV versus placebo in patients with chronic hepatitis B and high serum levels of HBV DNA 
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a seroconversion rate of 16–18% at 1 year, and increases up to nearly 50% at 4 years [31, 32]. It 
is the least expensive of the nucleotide/nucleoside analogues, and is safe to use in pregnancy, 
which is one of its most common uses in current times. LMV has also been shown to reduce 
the rate of development of both fibrosis and HCC [33]. The most significant evidence of the 
effectiveness of LMV was shown in a randomized, controlled trial by Liaw et al., comparing 
LMV versus placebo in patients with chronic hepatitis B and high serum levels of HBV DNA 

Advances in Treatment of Hepatitis C and B134

[33]. The primary endpoint was progression of liver disease identified as either an increase in 
Child‐Pugh score, bleeding from esophageal varices, or development of HCC. The study was 
discontinued early given that it demonstrated such a clear benefit of LMV compared to pla‐
cebo [33]. Despite the success that has been shown with LMV, its use is limited, mainly due to 
the high incidence of resistance, especially compared with newer nucleotide/nucleoside ana‐
logues [34]. In one study, however, much lower resistance was observed if the baseline HBV 
DNA was < 106 copies/mL [35], and there has been an extensive review as to the discrepancies 

* Adapted from Halegoua‐De Marzio and Hann (8).

Table 1. Treatment options of chronic hepatitis B*.
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of LMV resistance among the multiple studies regarding the incidence of LMV resistance [36]. 
LMV also reduced vertical HBV transmission from highly viremic mothers to their newborns 
[37]. Currently, the use of oral antiviral agents during the first and second trimesters of preg‐
nancy is not recommended.

Adefovir dipivoxil. The first nucleotide analogue, adefovir dipivoxil (ADV), was approved 
by the FDA for use in 2002. Similar to LMV in its mechanism of action, ADV functions as a 
reverse transcriptase inhibitor. As compared with LMV, however, ADV had both an increased 
antiviral potency, and an intrinsic stereoscopic structure that prevents emergence of viral 
resistance. HBe seroconversion was achieved in 12% of patients after 1 year of therapy with 
ADV, and a 53% rate of histological improvements in patients who were positive for HBeAg 
[38]. Of the patients who did seroconvert, it was found to be sustained in 91% of these patients 
[39]. Like LMV, however, prolonged use is associated with an increase in resistance, pro‐
gressing from 3% at 2 years to 29% at 5 years [40]. Due to this, in addition to associated renal 
toxicity, the use of ADV has become increasingly rare with the development of newer, more 
effective therapies.

Entecavir. The second nucleoside analogue approved for treatment of chronic HBV, entecavir 
(ETV), was approved by the FDA for treatment in 2005. It has been shown to be superior at 
reducing HBV DNA levels, as compared with LMV [41]. In a phase 3 study comparing ETV 
to LMV after 1 year of treatment, patients were found to have improved virological response 
with HBV DNA < 400 copies/mL (67% vs 36%), improvement on histologic examination (72% 
vs 62%), and improvement in aminotransferases, namely ALT (78% returned to normal as 
compared to 70%) [41]. In longer term studies, up to 96% of patients had improvement in 
histologic examination, and improvement in fibrosis score after 6 years [42]. Improvements 
were even found in patients with cirrhosis. Entecavir also was shown to keep HBeAg‐positive 
patients with HBV DNA levels below 300 copies/mL in 94% of patients at 5 years [43]. It has 
been shown to cause viral suppression quicker than ADV, and has been shown to significantly 
decrease the incidence of HCC in chronic HBV patients, with a 3.7% incidence in the ETV 
group as compared with 13.7% in the untreated group [23]. One of the most important fea‐
tures of entecavir, and a reason why it remains one of the two recommended treatments for 
chronic HBV today, is that it has a high genetic barrier and a very low incidence of resistance. 
The cumulative incidence of resistance after 6 years has been found to be 1.2% in nucleoside‐
naïve patients [44].

Telbivudine. Another nucleoside analogue similar in structure to LMV, telbivudine (TLV) was 
approved by the FDA for treatment of chronic HBV in 2006. In HBeAg‐positive patients, the 
seroconversion with TLV was found to be 22% at 1 year and 30% at 2 years [45, 46]. Viral sup‐
pression to less than 300 copies of DNA/mL was found to be 60% after 1 year of TLV therapy, 
and 56% after two years of therapy [45, 46]. Unfortunately, although TLV was shown to have 
promising effects and to have a higher barrier to resistance than LMV, resistance has been 
found to be as high as 21.6% in HBeAg‐positive patients, and 8.6% in HBeAg‐negative patients 
[47]. Because of this, TLV currently is not a recommended first‐line treatment. However, TLV 
is shown to be highly effective for those with low baseline HBV DNA and achieves undetect‐
able HBV DNA at week 24. Therefore, TLV is highly effective for patients with the above 
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characteristics [48]. Furthermore, recent studies report the renoprotective effect of TLV, its 
role in preventing ADV‐induced nephrotoxicity, and increased GFR improvement of renal 
function in liver transplant patients and in patients with compensated or decompensated 
HBV‐related liver diseases [49–52]. The rate of vertical transmission was reduced when tel‐
bivudine was given to mothers with high viral loads during the third trimester of pregnancy 
[53]. Currently, the use of oral antiviral agents during the first and second trimesters of preg‐
nancy is not recommended.

Tenofovir. The most recent nucleotide analogue, tenofovir disoproxil fumarate (TDF), was 
approved by the FDA for treatment of patients with chronic hepatitis B in 2008. Structurally 
similar but a more potent drug than ADV, TDF has been shown to produce more viral 
suppression in HBeAg‐positive patients, with 76% of patients achieving viral loads < 400 
copies/mL as compared with 13% of patients treated with ADV after 48 weeks of treatment 
[54]. ALT normalization, histologic improvement, and HBsAg loss were all also found to 
be significantly increased in patients treated with TDF as compared with ADV [54]. Data 
have shown an excellent continued response, with a 7‐year viral suppression (HBV DNA 
levels < both 69 IU/mL and 29 IU/mL) of greater than 99% in both HBeAg‐negative and 
HBeAg‐positive patients [55]. In addition to its effectiveness, TDF has also been shown to 
have an extremely favorable resistance profile [56]. Due to the effectiveness and the virtual 
absence of resistance, TDF has been recommended as a first‐line treatment in patients with 
chronic hepatitis B.

Several currently used guidelines are shown in Table 2.

Since the majority of chronic hepatitis B patients in the United States are immigrants form 
endemic countries, especially from Asia, where infection takes place commonly at birth or in 
early childhood, Asian‐American algorithm is frequently used for treatment for this majority 
of HBV patients. These guidelines are as follows [7]:

1. For HBeAg (+) or (‐) patient with chronic HBV with DNA > 104 copies/mL (> 2000 IU/mL) 
and ALT > ULN, treatment should be started with a first‐line agent (ETV or TDF).

2. For cirrhotic patients with detectable HBV DNA, treatment should be started with ETV or 
TDF.

3. In HBeAg (‐) patients with HBV DNA > 104 copies/mL (> 2000 IU/mL) and normal ALT, a 
liver biopsy is recommended. If not available, further stratification for risk factors (albu‐
min ≤ 3.5 g/dL or platelets ≤ 130,000/μL, HCC first degree relative, age ≥ 40, male gender, 
ALT > 30 U/L for male and 19 U/L for female) should be conducted prior to treatment.

4. Monitoring treatment: Test for serum ALT every 3 months. Measure HBV DNA every 3 
months until negative, then every 3–6 months. Measure HBeAg every 6 months until 
negative, then test for anti‐HBe.

5. After seroconversion from HBeAg‐positive to anti‐HBe, test for HBsAg every 12 months. 
In HBeAg (‐) patients, test for HBsAg every 12 months after sustained suppression of 
HBV DNA.
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6. Monitoring of resistance: Viral breakthrough with confirmation of single drug resistance 
requires switching to another first‐line oral antiviral agent.

7. Surveillance for HCC with Alpha‐fetoprotein (AFP) and abdominal ultrasound should be 
performed every 6 months in HBsAg‐positive patients with chronic hepatitis, cirrhosis, 
and for patients with a family history of HCC.

8. With regard to stopping treatment, for HBeAg (+) patients, following HBeAg seroconver‐
sion, continue consolidation for 1–2 years before stopping therapy. However, the relapse 
rate is high, and longer consolidation therapy may be needed. For HBeAg (‐) patients, 
antiviral therapy should be indefinite therapy until HBsAg seroconversion.

Before the antiviral drugs became available, 25–40% of HBV‐infected individuals used to 
progress from chronic hepatitis to cirrhosis and eventually to HCC as shown in Table 3

*EASL (European Association for the Study for the Liver) (72),
US Algorithm (73)
APASL (Asian Pacific Association of the Study of the Liver (74)
AASLD (American Association of the Study of Liver Diseases) (75)
Asian American Algorithm (7)
ULN = Upper limit of normal; NS = Not stated).
* UNL: 30 IU/mL for men, 19 IU/mL for women
2000 IU/mL = 104copies/mL
20,000 IU/mL=105copies/mL

Table 2. Current treatments for hepatitis B in chronic hepatitis, as recommended by different guidelines (ref. 7, 69–72).
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In their 13‐year follow‐up study of HBV‐infected carriers, Chen et al. have noted that higher 
baseline viral loads were associated with an increased rate of HCC [5] (Figure 2).

During the last 10 years, several studies have demonstrated that antiviral treatment signifi‐
cantly reduced the incidence of HCC [21–26]. However, all these treatment modalities are 
to suppress HBV replication. They do not fully eradicate the virus. The inability to eradi‐
cate HBV still leaves infected individuals at the risk for HCC. Current anti‐HBV treatment 
can achieve “functional cure” but not “complete cure”, the terminology as coined by Zeisel 
et al. [19]. (Table 4).

Table 3. Natural history of chronic hepatitis B infection.

Figure 2. Higher baseline viral loads are associated with increased rate of HCC. *From Chen, et al. (5).
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4. Hepatocarcinogenesis

The pathogenesis for HBV‐related HCC is not fully understood, but is likely multifactorial. 
HBV DNA level is a known factor, and the presence of HBV DNA has been shown to have 
a linear relationship to the development of HCC [5]. A high viral load leads to a persistent 
immune response against hepatocytes, with persistent inflammation, regeneration, and fibro‐
sis. This up‐regulated state of inflammation can in turn predispose to a malignant transforma‐
tion [57]. Several studies have also suggested that the integration of HBV DNA into the host 
DNA can lead to chromosomal instability and eventual gene rearrangement. These rearrange‐
ments can, in effect, lead to deregulation and instability of gene expression, subsequently 
leading to oncogenesis [58–60].

The association with chronic HBV and HCC has been described as early as the 1970s. The land‐
mark cohort study by Beasley et al. in 1981, which studied over 22,000 men in Taiwan, showed 
a significant association between chronic HBV carriers and the development of HCC. In this 
study, the relative risk of development of HCC in men with chronic HBV was determined to 
be 63 times higher as compared with uninfected individuals [61]. This study also designated 
the HBV vaccine (plasma vaccine by Blumberg and Millman followed by the recombinant 
vaccine) as the first “Cancer Vaccine” by the World Health Organization. The increased risk of 
HCC in patients with HBV has repeatedly been confirmed with smaller, more recent studies. 
Although HBsAg seroconversion and viral suppression are typically associated with protec‐
tion against HCC, patients who have cleared their viral load have still been found to acquire 
HCC. This is likely due to the continued presence of cccDNA, in a mechanism that is not well 
understood. Studies have also shown that HCC development is better associated with patients 
who have had active HBV infection for longer time periods, including patients who were 
infected at younger ages. Thus, it is thought that HCC progression is likely a result of HBV 
replication itself and subsequent liver injuries that follow [62]. It also raises the point that in 
individuals infected earlier, carcinogenic processes may have already been in play prior to the 
halt of viral replication later in life, and the ability of HBV to integrate into the infected host's 
hepatocyte genome is one of the most important direct pro‐oncogenic properties.

In addition to chronic HBV carrier status, other risk factors have been identified which pre‐
dispose patients with hepatitis B to HCC. These factors include co‐infection with hepatitis 
C (HCV), a family history of prior HCC, concurrent alcohol use, and a predominance of 
genotype C [63–66]. Additionally, the presence of core promoter mutations, the most com‐
mon of which is the HBx protein, a potent activator of multiple genes, including oncogenes, 
has been discovered [67].

*Ab, antibodies; cccDNA, covalently closed circular DNA
Adapted and edited from Zeisel et al. (19)

Table 4. Definitions of HBV Cure.

Advances in Treatment of Hepatitis C and B140



4. Hepatocarcinogenesis

The pathogenesis for HBV‐related HCC is not fully understood, but is likely multifactorial. 
HBV DNA level is a known factor, and the presence of HBV DNA has been shown to have 
a linear relationship to the development of HCC [5]. A high viral load leads to a persistent 
immune response against hepatocytes, with persistent inflammation, regeneration, and fibro‐
sis. This up‐regulated state of inflammation can in turn predispose to a malignant transforma‐
tion [57]. Several studies have also suggested that the integration of HBV DNA into the host 
DNA can lead to chromosomal instability and eventual gene rearrangement. These rearrange‐
ments can, in effect, lead to deregulation and instability of gene expression, subsequently 
leading to oncogenesis [58–60].

The association with chronic HBV and HCC has been described as early as the 1970s. The land‐
mark cohort study by Beasley et al. in 1981, which studied over 22,000 men in Taiwan, showed 
a significant association between chronic HBV carriers and the development of HCC. In this 
study, the relative risk of development of HCC in men with chronic HBV was determined to 
be 63 times higher as compared with uninfected individuals [61]. This study also designated 
the HBV vaccine (plasma vaccine by Blumberg and Millman followed by the recombinant 
vaccine) as the first “Cancer Vaccine” by the World Health Organization. The increased risk of 
HCC in patients with HBV has repeatedly been confirmed with smaller, more recent studies. 
Although HBsAg seroconversion and viral suppression are typically associated with protec‐
tion against HCC, patients who have cleared their viral load have still been found to acquire 
HCC. This is likely due to the continued presence of cccDNA, in a mechanism that is not well 
understood. Studies have also shown that HCC development is better associated with patients 
who have had active HBV infection for longer time periods, including patients who were 
infected at younger ages. Thus, it is thought that HCC progression is likely a result of HBV 
replication itself and subsequent liver injuries that follow [62]. It also raises the point that in 
individuals infected earlier, carcinogenic processes may have already been in play prior to the 
halt of viral replication later in life, and the ability of HBV to integrate into the infected host's 
hepatocyte genome is one of the most important direct pro‐oncogenic properties.

In addition to chronic HBV carrier status, other risk factors have been identified which pre‐
dispose patients with hepatitis B to HCC. These factors include co‐infection with hepatitis 
C (HCV), a family history of prior HCC, concurrent alcohol use, and a predominance of 
genotype C [63–66]. Additionally, the presence of core promoter mutations, the most com‐
mon of which is the HBx protein, a potent activator of multiple genes, including oncogenes, 
has been discovered [67].

*Ab, antibodies; cccDNA, covalently closed circular DNA
Adapted and edited from Zeisel et al. (19)

Table 4. Definitions of HBV Cure.
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5. Future treatments

Most current guidelines recommend against HBV treatment of patients in the immune toler‐
ant phase (Table 2). However, recent reports have indicated evidence that immune reactivity 
is in fact present in patients during this immune tolerant stage [68–70]. There is a growing 
opinion that to prevent HCC, we should consider earlier treatment of chronic hepatitis B as 
lucidly reasoned by Zoulim and Mason [71]. Given the emergence of HCC even in patients 
who had become seronegative, these guidelines should be readdressed in order to treat 
patients starting at a younger age, in order to prevent progression of disease and the develop‐
ment of HCC, as viral suppression alone has not proven effective for the absolute prevention 
of HCC. Additionally, the required long‐term therapy imposes not only financial burden but 
may also put patients at risk for potential drug resistance and unknown toxicity.

Along with nucleoside/nucleotide analogues, treatment may need to include targeting the 
cccDNA and inhibiting viral entry into the newly formed hepatocytes. This may be accom‐
plished via a T‐cell vaccine which specifically targets HBV, enhancing innate immunity 
with toll‐like receptor agonist. Several compounds have been identified which have the 

*cccDNA, covalently closed circular DNA; DAA, direct‐acting antiviral; FDA, US Food and Drug Administration; HCC, 
hepatocellular carcinoma; HTA, host‐targeting agent; IFN, interferon; LTβR, lymphotoxin‐β receptor; NTCP, sodium 
taurocholate co‐transporting polypeptideAdapted and edited from Zeisel et al. (19)

Table 5. Emerging drugs against HBV.
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potential for eradicating the virus. The clinical trials are in progress at different phases 
to further investigate these compounds [19]. Among these are direct‐acting antagonists 
against the HBV capsid, against the HBV cccDNA, and against the HBV RNA. While the 
targets enhancing the innate immunity are mainly in the preclinical phase, they pose excit‐
ing possibilities for the future of HBV treatment. The potential drugs in the pipelines are 
shown below [19] (Table 5).

6. Conclusion

While there have been significant advancements in the understanding and management 
of hepatitis B virus, there remains much to be learned. The molecular mechanism and the 
subsequent carcinogenesis and progression of chronic HBV carriers to HCC remain in large 
part poorly understood. While significant improvements in treatment of HBV continue to be 
made, research toward HBV complete cure and the treatment landscape now is much differ‐
ent than it was at the end of the twentieth century. The development of nucleotide and nucleo‐
side analogues, particularly entecavir and tenofovir, has significantly improved the ability of 
chronic HBV carriers to remain with undetectable viral levels. There remains, however, the 
possibility of development of HCC, in part likely in the early stages of infection, as well as the 
viral incorporation into hepatocyte DNA. Therefore, more effective treatment regimens need 
to be developed, and the prospect of treating individuals at earlier stages of HBV should be 
addressed. With multiple new therapies in the pipeline, the future of treating hepatitis B is an 
exciting and developing one, and hopefully, it will soon become a disease of the past.
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Abstract

Worldwide, it is estimated that more than 400 million people are currently living with 
chronic hepatitis B virus (HBV) infection, contributing to more than one million deaths 
annually as a result of liver cirrhosis and hepatocellular carcinoma (HCC). HBV DNA 
integrates into the cellular DNA in liver tissue of patients with chronic HBV infection 
and HCC. Following HBV infection, DNA methyltransferases (DNMTs) methylate any 
HBV DNA integrated into the human genome. This novel epigenetic mechanism enables 
the suppression of HBV antigens, leading to reduced viral replication. HBV is thought to 
induce DNA methylation via hepatitis B x (HBx) protein, which modulates cellular sig-
nalling pathways by activating DNMT 1 and 3 to benefit the virus. Activation of DNMT 
1 and 3 inappropriately methylates host cellular genes including tumour suppressor 
genes whose disruption causes transformation of hepatocytes and hepatic malignancy. 
By being localised in the cytoplasm, nucleus and mitochondria of HBV-infected hepato-
cytes, it appears that HBx protein manages to exploit the entire body of cellular signalling 
pathways for viral survival and propagation. HBx protein may achieve its transcriptional 
transactivation action by either interacting with key genes or altering their related cellu-
lar signalling pathways or by hijacking their binding partners and taking over their roles. 
Although the underlying mechanisms are still unclear, processes such as cell cycle pro-
gression, calcium homeostasis, hepatic metabolism, protein ubiquitination, RNA splicing 
and vitamin D receptor regulation are key mechanisms that HBx protein alters to favour 
viral replication and cell survival. These detrimental effects would connect HBV infec-
tion to malignant transformation by inducing uncontrolled cell growth, proliferation and 
disrupting apoptosis.

Keywords: epigenetics alterations, viral integration, hepatitis B virus, hepatocellular 
carcinoma, hepatitis X antigen
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1. Hepatitis B virus

Hepatitis B virus (HBV) is one of the most prevalent infections in humans and important 
cause of acute and chronic hepatitis. Chronic infection is defined as the presence of hepatitis B 
surface antigen (HBsAg) in the blood more than 6 months following initial infection. Without 
treatment, chronic HBV infection may result in the development of liver cirrhosis and hepa-
tocellular carcinoma (HCC) [1–3].

HBV was first identified in the 1960s and was the first human hepatitis virus to be well 
characterised at a molecular level [3, 4]. Long-term inflammatory changes due to chronic 
hepatitis cause hepatocyte injury and the release of reactive oxygen species (ROS) and 
Kupffer cells activation. These produce proinflammatory and fibrogenic cytokines result-
ing in the recruitment of immune cells. The Kupffer cells also activate hepatic stellate 
cells which produce extracellular matrix proteins and cytokines. Repeating cycles of this 
activation and inflammation lead to cirrhosis characterised by regenerative nodules and 
 irreversible fibrosis [2, 3, 5].

The ability of the virus to cause liver injury is associated with genetic changes that affect both 
viral and host DNA leading to mutations that predispose to liver injury and possible cancer. 
These events link chronic HBV infection with HCC. More than 80% of HCC cases arise in 
chronic HBV infection, strongly suggesting that HBV is an important contributor to the devel-
opment of tumour [2, 3].

Possible mechanisms by which HBV infection causes HCC have been described, and these 
include HBV DNA integration, epigenetic alterations (change in gene expression) and aber-
rant transcriptional activities of HBx protein [3, 6, 7]. Nearly 90% of HBV-related HCC cases 
show evidence of HBV integration into the host genome [3, 8]. This is associated with genetic 
changes such as genomic instability, deletions and chromosomal translocations in the host 
cells, which may lead to accumulation of mutations and epigenetic changes with a malig-
nant phenotype. Several contributing environmental and viral factors such as chronic tobacco 
smoking, alcohol consumption, aflatoxins, HBV e antigen positive status, high viral load and 
HBV genotype have been identified in HBV-related HCC cases and are associated with many 
epigenetic changes [3, 8–10].

1.1. Transmission Routes of HBV

HBV can be stable for 7 days or more on dry environmental surfaces. The two major routes of 
HBV transmission are horizontal and perinatal or vertical transmission. The efficient modes 
of transmission are blood and sexual contact with an infected person. The virus is horizon-
tally transmissible during child to child physical contact or through contact with blood or 
infected toys. Horizontal transmission can also occur through body fluids such as semen and 
vaginal secretions. Perinatal or vertical transmission of HBV occurs through blood or secre-
tions from an infected mother to the newborn baby during delivery. Perinatal transmission 
is high in mothers who are positive for hepatitis B e antigen (HBeAg) at 85–90% and lower in 
those who are negative for HBeAg where the rate is 5–20% [1, 3, 11–13].
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1.2. Global epidemic of HBV infection

Worldwide, it is estimated that more than 400 million people are currently living with chronic 
HBV infection, contributing to more than one million deaths annually [1]. The prevalence of 
HBV infection is determined by the seroprevalence of HBsAg. HBV is highly endemic in Asia 
and sub-Saharan Africa with HBsAg seroprevalence rates exceeding 8% (Figure 1) [3, 14]. In 
these regions, the infection is typically acquired at birth or in early childhood. Progression to 
chronic HBV infection is common in these regions and is associated with prevalence rates of 
30% for hepatic cirrhosis and 53% for HCC [16].

Annually, approximately one million people are diagnosed with HCC worldwide, and more 
than half of these people die within a year of diagnosis. Studies show that the highest HCC 
incidence rates of 70–80% occur in South-East Asia and sub-Saharan Africa, the regions with 
a high prevalence of chronic HBV infection [16]. This is due to various factors that include the 
late presentation of patients with large tumours, failure to recognise those at risk, high preva-
lence of risk factors in the population, lack of medical facilities for early diagnosis and limited 
access to effective treatment after diagnosis [3, 16].

An intermediate HBsAg seroprevalence of 2–7% is seen in some parts of Asia, Europe, 
America and Russia. The prevalence of HBV infection is low in Western Europe, Australia 
and United States where HBsAg seroprevalence is <2% [3, 17].

1.3. Epidemic of HBV infection in Africa

There are 65 million individuals infected with chronic HBV in Africa and 250,000 of these people 
die annually due to HBV-related diseases. The prevalence of chronic HBV infection in Africa 
varies by geographic region. It is high in sub-Saharan Africa, with HBsAg seroprevalence rates 

Figure  1. Global geographical distribution of chronic hepatitis B infection (Adapted from Lavanchy D [13]).
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of more than 8%. In Kenya, Sierra Leone, Zambia, Senegal and Liberia, the prevalence of HBV 
infection is intermediate with HBsAg seroprevalence rates ranging from 2 to 8%. North African 
countries including Morocco, Egypt, Algeria and Tunisia have low prevalence rates of <2%.

In South Africa and other African countries, the prevalence of HBV infection is much higher 
in rural compared to urban areas [18]. Low socio-economic status, infected household contact, 
unsafe sexual intercourse, sharing of partially eaten sweets or chewing gum, dental work and 
bathing towels may be some of the contributing factors for the high prevalence of HBV infec-
tion in rural areas [3, 12, 18].

1.4. HBV genotypes and genomic alterations

HBV is classified into eight genotypes (A–J) with four major serotypes (adw, adr, ayw and 
ayr) [3, 19, 20]. HBV genotypes are differentiated by more than 8% sequence divergence in 
the entire genome and more than 4% at the level of S gene. They have distinct geographi-
cal distribution as illustrated in Table 1. Genotype A is predominant in sub-Saharan Africa, 
North-West Europe and North America.

Genotype A has four subgenotypes. Subgenotype 1A is common in South Africa, Malawi, 
Tanzania, Uganda, Somalia, Yemen, India, Nepal, Brazil and the Philippines [3, 20]. There 

Genotype Geographic distribution Mutation Host CpG promoter methylation

A North America, Sub-Saharan 
Africa, North-West Europe

G1888A 1762T1764A G1862T Induces hypomethylation and 
down-regulation of the DLEC1 
gene

B Indonesia, China, Vietnam Unknown Unknown

C East Asia, Korea, China, Japan, 
Polynesia, Vietnam

Unknown Unknown

D Mediterranean area, Middle 
East

G1896A Induces hypermethylation and 
down-regulation of GSTP1 gene

E Africa Unknown Unknown

F Central and South America, 
Polynesia

Unknown Unknown

G France, America Unknown Unknown

H Mediterranean area, Middle 
East

Unknown Unknown

I South-East Asia Unknown Unknown

J Japan Unknown Unknown

Abbreviations: A, adenine; CpG, cytosine-phosphate-guanine; DLEC1, deleted in lung and esophageal cancer 1; G, 
guanine; GSTP1, glutathione S transferase pi 1; HBV, hepatitis B virus; T, thymine.

Table 1. The global geographic distribution of HBV genotypes, mutations and associated CpG promoter DNA 
methylation.
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are three CpG islands within HBV genotype A, which are associated with methylation of the 
promoter of Deleted in Lung and Esophageal Cancer 1 (DLEC) gene and down-regulation of its 
expression in HBV-induced HCC. DLEC is a tumour suppressor gene and has been reported 
to be down-regulated in ovarian, liver, lung and EBV-related cancers [3, 21].

Genotypes B and C are more prevalent in Asia, Indonesia and Vietnam [20]. Based on the phy-
logenetic analysis, it was demonstrated that HBV genotype C is subdivided into 5 subgeno-
types (C1–C5). Geographical clustering of these subgenotypes was clear. The subgenotype 
C1 was found to be prevalent in East Asia, subgenotype C2 in South-East Asia, subgenotypes 
C3 and C4 in Southern Pacific Ocean and subgenotype C5 in Philippines [3, 22–34]. Genotype 
D is commonly found in the Mediterranean region and Middle East. The hepatitis B x (HBx) 
protein is associated with hypermethylation and down-regulation of the GSTP1 gene which 
plays an important role in the development of cancer. Genotype E is found mainly in Africa. 
Genotype F is found in Europe and the United States, and genotype G, in France and America. 
Genotype H is predominant in Central America, California and Mexico. Genotype I and J are 
prevalent in South-East Asia and Japan, respectively [3, 20].

HBV has a mutation rate of 10%, which is relatively high compared to other viruses. It repli-
cates via reverse transcription of RNA intermediates that result in random mismatched base 
errors during genomic replication. HBV DNA polymerase lacks the ability to proofread these 
errors, and this predisposes HBV to mutations [3, 25]. HBV develops four major mutations 
which are the precore, basic core promoter, tyrosine-methionine-aspartate-aspartate (YMDD) 
and asparagines-to-threonine (rtN236T) mutations. The precore mutants were the first to be 
identified and are characterised by a nonsense G1896A mutation [3, 26]. The G1896A mutation 
is responsible for HBeAg negativity in chronic HBV carriers and induces the down-regulation 
of HLA class II molecules in hepatocytes. This mutation is common in individuals infected 
with HBV genotype D [3, 27]. The basic core promoter mutations include A1762T and G1764A 
and were identified after the precore mutations. Similar to the precore mutations, the basic 
core promoter mutations are found in HBeAg-negative individuals where they prevent HBeAg 
expression [3, 28].

1.5. Prevention and treatment

HBV infection can be prevented by avoiding direct contact with any HBV-contaminated flu-
ids and materials. Immunisation with recombinant hepatitis B vaccines is recommended for 
all infants at birth and in individuals who are at high risk of acquiring the infection. Passive 
immunoprophylaxis with hepatitis B immunoglobulin derived from sera of positive HBV 
individuals is used to prevent mother-to-child HBV transmission at birth, after liver trans-
plantation for HBV infection, needle-stick injuries and sexual intercourse [3, 20, 29].

Acute HBV infection does not require treatment as it usually resolves spontaneously. Two 
major classes of drugs available for treating chronic HBV infection include the injectable 
standard interferon-α and pegylated interferon-α2, and the oral nucleos(t)ide analogues. 
Nucleoside analogues are lamivudine, entecavir, telbivudine, whilst nucleotide analoques 
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are adefovirdipivoxil and tenofovir. The main aims of treatment are to improve long-term 
survival by reducing the risk of developing cirrhosis and HCC [3, 30, 31].

Treatment with oral nucleos(t)ide analogues is associated with the development of mutations. 
Lamivudine induces point mutations in the YMDD motif of the HBV polymerase, and these 
include rtM204V and rtM204I mutations. The viral replication rate increases in the presence 
of lamivudine resistance, and when lamivudine treatment is stopped, the wild-type virus 
reestablishes itself. Lamuvidine resistance mutations are responsible for the development 
of resistance in entecavir that is also associated with similar mutations and more including 
rtI169T, rtT184G, rtS202I and rtM250V [3, 32, 33]. Telbivudine has a high antiviral potency 
and relatively low resistance than lamuvidine and entecavir. It is associated with mutations at 
rtL80I/V, rtL180M, rtA181T/V, rtM204I and rtL229W/V. Telbivudine results in myoparthy and 
neuropathy when used simultaneously with pegylated interferon-α2, and therefore, combi-
nation of these two agents is avoided [3, 32, 34].

Adevovir treatment causes mutations that are associated with the emergence of resistant 
strains such as the rtN236T mutation which is downstream to the YMDD motif [35]. The use 
of adevovir treatment is now rare as it is associated with severe kidney injury, which may 
be a consequence of mitochondrial DNA depletion and activity of multidrug resistance-
associated protein 4 [3, 36].

Despite the availability of treatment for chronic HBV infection, many patients will develop 
cancer, and this remains a major medical problem worldwide. This may be attributed to 
HCC-associated risk factors such as the HBV genotype, alanine aminotransferase (ALT), 
HBV load and HBV surface antigen level, which may influence the response to chronic HBV 
treatment. The response to interferon is significantly higher in patients infected with HBV 
genotype A compared to D and in patients with lower levels of HBV DNA and higher levels 
of ALT [3, 37, 38].

Aberrant methylation of promoter CpG islands is the primary epigenetic change seen 
during the course of HBV infection as it progresses to cirrhosis and HCC. Such methyla-
tion is detected at higher rates in HCC tissues compared to liver cirrhosis without can-
cer [10]. In a recent large cohort study report by Tseng et al., high HBV surface antigen 
levels are associated with a risk of developing HCC even in the presence of low HBV 
DNA levels. This finding may be due to a higher degree of viral HBV surface antigen 
integration into the host genome that would result in mutations and epigenetic alteration 
particularly DNA methylation, causing chronic liver damage, malignant transformation 
and HCC [3, 38–40].

The association of DNA methylation with chronic HBV treatment was first observed dur-
ing telbivudine treatment. Telbivudine is a thymidine agent that interacts with protein 
kinases to form telbivudine 5′–triphosphate via phosphorylation. Telbivudine 5′–triphos-
phate competes with thymidine 5′–triphosphate, leading to the suppression of HBV DNA 
polymerase and reduced viral replication. Interestingly, telbivudine was recently reported 
to correct HBV-induced histone methylation in HBV-infected hepatocytes [3, 41].
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1.6. Virological characteristics of HBV

HBV virions are infectious double-shelled particles of approximately 40–42 nanometre (nm) 
in diameter. They consist of a nucleocapsid core of 27 nm in diameter, which forms the inner 
part of enveloped virions known as Dane particles. The nucleocapsid core is surrounded by 
an outer surface antigen coat of ~4 nm thickness. It contains HBsAg and hepatitis B core 
antigen (HBcAg), which are detected in the sera of HBV-infected individuals in the form of 
spherical and filamentous particles [1, 3, 19, 42].

HBV is classified as an Orthohepadnavirus which belongs to the family Hepadnaeviridae. 
Contained in this family are other viruses such as the hepatic viruses of woodchucks, ducks, 
herons, ground and tree squirrels. These viruses replicate via reverse transcription of RNA 
intermediates, the step in which the DNA is packaged into hepadnaviral infectious particles. 
They are classified as Hepadnaeviridaedue to their structure and genomic organisation being 
similar to that of HBV. HBV genome is a small and relaxed circular molecule of 3.2 kb in 
size. It contains two strands of different length, a long minus strand and a short plus strand 

Figure  2. The structure of the HBV genome.
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as illustrated in Figure 2. The minus strand is terminally redundant and contains a second 
copy of direct repeat 1 (DR1), ε signal and poly A tail. It serves as a template for reverse 
transcription of a plus strand and also as a transcript for the translation of viral proteins 
including polymerase, HBcAg and HBeAg. The 5′ end of a minus strand is covalently linked 
to the viral reverse transcriptase and polymerase through a phosphor-tyrosine bond. The 
plus strand overlaps part of the minus strand whilst its 5′ end bears the oligoribonucleotides 
[3, 42, 43].

The HBV genome contains four ORFs, which have the same orientation and partially overlap. 
These ORFs encode the viral envelope pre-S/S, a pre-core/core, a polymerase and X proteins. 
The viral envelope also encodes three surface glycoproteins, which are the large (L), middle 
(M) and small (S) glycoproteins (Figure 2). These surface glycoproteins are synthesised by 
the initial transcription of pre-S/S. The L surface glycoprotein is important for viral assembly 
and infectivity, whilst the function of M surface glycoprotein is unknown. The longest open 
reading frame encodes the viral polymerase which serves as a reverse transcriptase and DNA 
polymerase. The pre-S/S envelope open reading frame overlaps the precore/core and X open 
reading frames and encodes HBsAg. The precore/core open reading frame produces HBeAg 
and HBcAg through cleavage by cellular proteases. HBcAg is the nucleocapsid and encloses 
the viral DNA [3, 11, 42, 43].

HBx protein is a transactivating protein that alters the expression of some genes via DNA 
methylation leading to tumourigenesis. It consists of 154 amino acid residues with a molecu-
lar weight of 27 kDa and is encoded by the smallest ORF. It stimulates viral replication either 
by activating viral transcription or by enhancing the reverse transcription of the viral poly-
merase [44, 45]. In hepatoma cell lines, HBx protein enhances viral replication by interacting 
with DNA binding protein 1 which interferes with cell growth and viability. In mice infected 
with wild-type HBV, viral replication is stimulated by HBx protein, suggesting that HBx pro-
tein is required for viral replication in normal hepatocyte cells [3, 44, 46, 47].

1.7. Life cycle of HBV

Due to the lack of efficient in vitro infection systems and animal models in which to study the 
life cycle of HBV infection, a lot of data are from the duck model infected with duck hepatitis 
B virus (DHBV) [3, 48]. HBV life cycle begins through the interaction of HBsAg with cellular 
receptor/s at the surface of hepatocytes. A number of potential cellular receptors that interact 
with HBsAg during HBV infection have been previously identified, but the mechanisms of 
action still remain controversial as none of them has been proved to be functional to HBV. 
These receptors include retinoid X receptor (RXR), peroxisome proliferator-activated receptor 
(PPAR) and farnesoid X receptor (FXR) [3, 49, 50].

Sodium taurocholate cotransporting polypeptide (NTCP) was discovered as the potential recep-
tor for HBV infection (Figure 2). NTCP is abundantly expressed in the liver and is involved in 
the transportation and clearance of bile acids from portal blood into hepatocytes. Yan et al. [51] 
have shown by using near-zero-distance photo-cross-linking, tandem affinity purification and 
mass spectrophotometry that the pre-S/S envelope domain, a key determinant for receptor/s 
binding, selectively interacts with NTCP to facilitate HBV infection. Knockdown of the NTCP 
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receptor/s at the surface of hepatocytes. A number of potential cellular receptors that interact 
with HBsAg during HBV infection have been previously identified, but the mechanisms of 
action still remain controversial as none of them has been proved to be functional to HBV. 
These receptors include retinoid X receptor (RXR), peroxisome proliferator-activated receptor 
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Sodium taurocholate cotransporting polypeptide (NTCP) was discovered as the potential recep-
tor for HBV infection (Figure 2). NTCP is abundantly expressed in the liver and is involved in 
the transportation and clearance of bile acids from portal blood into hepatocytes. Yan et al. [51] 
have shown by using near-zero-distance photo-cross-linking, tandem affinity purification and 
mass spectrophotometry that the pre-S/S envelope domain, a key determinant for receptor/s 
binding, selectively interacts with NTCP to facilitate HBV infection. Knockdown of the NTCP 
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expression in duck primary hepatocytes infected with DHBV significantly decreased HBV 
infection, suggesting that NTCP is actually required for HBV infection [3, 51, 52].

HBV requires DNA polymerase and reverse transcriptase to replicate through RNA interme-
diates known as pregenomic RNA. Following the interaction of surface antigen with NTCP, 
the viral nucleocapsid enters the host cell’s nucleus to deliver dsDNA (Figure 3) [3, 51, 52]. In 
the nucleus, the dsDNA gets repaired and converted to covalently closed circular  super-coiled 
DNA (cccDNA) by DNA polymerase. The cccDNA molecule serves as a template for the tran-
scription of four viral RNA transcripts 3.5, 2.4, 2.1 and 0.4 kb in size, pregenomic RNA and 
RNA intermediate for viral replication before moving to the cytoplasm. The mRNA tran-
scripts are then translated to produce the envelope (pre-S/S), precore/core, viral polymerase 
and X proteins. The 3.5 RNA transcript is reverse-transcribed into viral dsDNA [3, 8, 11, 40, 
48, 53]. Some of the resulting viral DNA and polymerase-containing capsids are enveloped 
via budding into the endoplasmic reticulum (ER). The rest of the viral DNA is recycled or is 
migrated back to the nucleus where it produces new generations of cccDNA which maintains 
persistent HBV infection [1, 3, 11, 36, 40].

Figure  3. The life cycle of HBV infection and underlying mechanisms.
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2. Epigenetics and HBV-induced hepatocarcinogenesis

Epigenetics involves attachment of chemical compounds and proteins on the DNA sequence 
leading to altered gene expression and normal function. There are two major ways through 
which gene transcription can be regulated through epigenetic changes. One way of  regulating 
gene transcription is directly through DNA methylation. This involves the addition of a 
methyl group into DNA sequence. Methyl groups are carbon and hydrogen molecules which 
bind to the genome through the action of methyl cytosine-phosphate-guanine (CpG)-binding 
proteins (MeCPs), DNA methyltransferases (DNMTs), histone acetyltransferases (HATs) 
and histone deacetylases (HDACs), which inactivate gene transcription. Other transcription 
repressors including nuclear factor kappa B (NF-κB), c-myc/c-myn, activator protein (AP)-2, 
E2 promoter binding factor (E2F) and cyclic adenosine monophosphate (cAMP) response 
element binding protein (CREB) may also be activated by methyl groups to inhibit gene tran-
scription [3, 53, 54].

In addition to DNA methylation, epigenetics can also be regulated by histone protein 
modifications. Histone protein modifications may be caused by over-expression or aber-
rant recruitment of HDACs that remodel the chromatin shape and structure. The two basic 
mechanisms responsible for chromatin remodelling are histone acetylation and deacety-
lation [3, 53, 55]. These mechanisms are controlled by the enzyme activity of HATs and 
HDACs, respectively [3, 54].

Acetylation of histone proteins is generally acknowledged as playing a key role in gene 
regulation. For a gene to be transcribed, it must become physically accessible to the tran-
scriptional machinery. Acetylation by HATs substitutes the positive charges on the amino 
terminal tails of histone proteins with an acetyl group derived from acetyl coenzyme A, 
causing uncoiling of the DNA and euchromatin into an open-relaxed form of chromatin. 
Consequently, this makes genes accessible to several binding factors such as RNA poly-
merase II and transcriptional factors, allowing gene expression to occur and proteins to be 
made. Deacetylation of histone proteins by HDACs results in the tight coiling of the DNA 
and closed form of chromatin regions known as heterochromatin. This prevents the interac-
tion between DNA and transcription factors leading to suppression of gene transcription. 
In some cancer cells, there is increased expression or aberrant recruitment of HDACs and 
decreased expression of HATs. This results in the hypoacetylation of histone proteins and 
therefore a condensed or closed chromatin structure [3, 54–56].

Epigenetics plays important roles in oncogenic viruses including HBV, human papillomavi-
rus and Epstein Barr virus. In episomal HBV DNA, 3 CpG islands have been identified and 
described. These are island 1 located on nucleotide positions 55–286, island 2 on 1224–1667 
and island 3 on 2257–2443 [57]. Methylation of CpG islands in the human genome is known 
to regulate gene transcription. These prompted Vivekanandan et al. [58] to hypothesise that 
methylation of CpG islands in HBV DNA may regulate viral gene expression. To test this 
hypothesis, in vitro methylation of the transfected HBV DNA was done, and this resulted in 
decreased expression of HBV mRNA and proteins in the cells. In addition, the effect of viral 
cccDNA methylation in the liver tissue of patients with chronic HBV infection was investigated 
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and found to be associated with reduced HBV replication [58]. These findings support the 
work of Pollicino et al. [3, 58] who showed that HBV replication is regulated by the acetylation 
of HBV cccDNA bound H3 and H4 histone proteins. Although these data suggest that HBV 
DNA methylation is a novel mechanism that influences the regulation of viral gene expression, 
the mechanisms of action are still not known.

Previous human studies have shown that DNA viruses integrate into the host genome and 
that the expression levels of DNMTs increase in response to active viral replication [59]. 
Vivekanandan et al. [58] hypothesised that the up-regulation of DNMTs gives infected cells 
the ability to methylate viral DNA and therefore control viral replication. To investigate 
this, the expression of DNMTs was measured in cell lines exposed to HBV DNA using 
two experimental systems, one of temporary transfection of cells and another that mim-
icked natural chronic infection. High-level expressions of DNMT 1, 2 and 3 were observed 
in response to persistent HBV infection. This correlated with suppressed viral replication 
associated with methylation of HBV DNA and increased methylation of host CpG islands 
[3, 58].

The seminal work of Vivekanandan et al. [58] allows for the development of a model that 
explains the development of liver injury and HCC in chronic HBV infection (Figure 4). In 
this model, infected host cells respond to HBV infection by up-regulating the expression of 
DNMTs. Up-regulation of DNMTs can also result from interaction with HBx transcriptional 

Figure  4. Model of chronic HBV infection and DNA methylation.
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activator protein. Once activated, DNMTs methylate HBV DNA and switch off the expres-
sion of viral mRNA and proteins, thereby reducing viral replication. The methylation of 
integrated HBV DNA may be detrimental to the host genome through the inappropriate 
methylation of the neighbouring host genome, particularly if the promoter CpG islands 
regions of the gene are affected. A consequence of this effect would be the transcriptional 
repression of host immunoregulatory and tumour suppressor genes that prevent the devel-
opment of cancer [3, 58].

Chromosomal fragile sites Target gene Role in tumour development

FRA1A (1p36) TCEA; RAR; CHML Alters gene expression and promote 
cell survival

FRA2C (1q) EMX2-like gene Modulates β-catenin signalling 
pathway and cell survival

FRA4E (4p) Cyclin A Stimulate cell cycle and anti-apoptotic 
effect

FRA3D (3q25.3) IRAK2 Promotes apoptosis and tumour 
progression

FRA5C (5p31.1) PDGFRβ Regulates DNA synthesis and fibrotic 
genes

FRA7 (7p) SERCA 1; NCF1 β-Catenin activation

FRA9 (9q) KLF1; CASPR3 Promote cell growth; regulates DNA 
methylation

FRA10A (10q) PTEN; PI3K Promotes metastasis; promotes cell 
cycle progression

FRA11A (11q13) EMS1, FGF4; BIRC3 Modulates β-catenin signaling 
pathway; alters cell fate

FRA12A (12q24) ErbB3; Mill2 Promotes tumour progression

FRA13A (13q32) CTGF; CCNL; IMP-2 Tumour suppression

FRA18 (18q) DCC; DPC4 Regulates methyl-CpG-binding 
proteins

FRA19A (19q13) Cyclin E Delays DNA synthesis and promotes 
immortalisation

FRA20 (20P12.3) hTERT Alters gene expression and promotes 
cell survival

Abbreviations: BIRC3, baculoviral IAP repeat containing 3; CASPR3, contactin-associated protein-like 3;CCNL, cyclin 
L1;CHML, choroideremia-like gene; CTGF, connective tissue growth factor; DCC, deleted in colorectal cancer; DPC4, 
deleted in pancreatic cancer 4; EMSL, EMSL; EMX2, empty spiracle homeobox 2; ErbB3, V-erb-b2 erythroblasticleukemia 
viral oncogene homolog 3; FGF4, fibroblast growth factor 4; FRA, fragile site; hTERT, human telomerase reverse 
transcriptase; IMP-2, insulin-like growth factor II mRNA binding protein 2; IRAK2, interleukin-1 receptor-associated 
kinase 2; KLF1, Krueppel-like factor 1; Mill2, major histocompatibility complex I like leukocyte 2; NCF1, neutrophil 
cytosolic factor 1; PDGFRβ, platelet-derived growth factor receptor beta; PI3K, phosphatidylinositol 3 kinase; PTEN, 
phosphatise and tension homolog; RAR, retinoic acid receptor; SERCA, sarco/endoplasmic reticulum calcium transport 
ATPase; TCEA, transcription elongation factor A.

Table 2.  Examples of chromosomal fragile sites associated with HBV insertions and their roles in tumour development.
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HBV integrates into the host genome and promotes viral persistence. Infected cells 
increase the expression of DNMTs in response to viral replication. This causes methyla-
tion of HBV cccDNA and reduces viral replication. The same methylation system meth-
ylates the adjacent host tumour suppressor and immunoregulatory genes leading to 
hepatocarcinogenesis.

2.1. Integration of HBV DNA into the human genome

HBV integration was first discovered in 1980 using Southern blot hybridisation. It was asso-
ciated with genomic instability such as loss of heterozygocity (LOH), resulting in the rear-
rangements, deletions, duplications and inversions of the host and viral genomic sequences. 
Viral integration results in the insertion of HBV DNA sequences such as HBx gene in the host 
genome and enables viral persistence [3, 7, 8].

Integration of HBV in the host genome also occurs in woodchucks and other animal models. 
In woodchucks and California ground squirrels (Spermophilusbeecheyi), HBV genome inte-
grates close to ras and myc family oncogenes including c-myc, N-myc1 and N-myc2. Modulation 
of myc and ras family oncogenes through cis-activation enhances cell proliferation and trans-
formation. These events occur via transactivation action of HBx protein and favour the devel-
opment of cancer [3, 60, 61].

The occurrence of integrated HBV DNA at preferential sites in the human chromosomes 
has been identified using Alu-PCR-based technique. The preferential sites are known as 
chromosomal fragile sites (CFS) and are non-random [3, 8]. HBV DNA integrates into the 
human genome soon after the repair and conversion of HBV DNA to cccDNA [3, 57, 58, 62]. 
The HBV genome integrates within the coding sequence or close to an array of key regu-
latory cellular genes that can deregulate proto-oncogenes and tumour suppressor genes. 
Activation or inactivation of such genes promotes genomic chromosomal instability by alter-
ing various cellular signalling pathways, triggering genetic mutations and epigenetic altera-
tion. Mutagenesis and epigenetic alteration result in the abnormal regulation of the targeted 
genes. This promotes malignant transformation by altering the control of cell growth, dif-
ferentiation, proliferation and apoptosis [3, 57, 58, 63]. The integration of HBV at or within 
cyclin A and RARβ genes is associated with increased protein activities and hepatocellular 
growth in HBV-induced HCC, suggesting that HBV integration contributes to hepatocytes 
transformation [60]. Examples of known active CFS targeted by HBV integration are out-
lined in Table 2. The 60s ribosomal protein, hTERT, major histocompatibility complex I like 
leukocyte (Mill), platelet-derived growth factor receptor (PDGFR) and calcium signalling-related 
genes are also common sites or targets of HBV integration. These genes are important in 
cellular signalling pathways that control DNA damage, oxidation stress and cell growth, 
and their alteration is associated with the development and progression of cancer [3, 9, 64].

2.2. HBx protein and its carcinogenic effects

HBx protein is a transcriptional transactivator that HBV uses to integrate into the host cel-
lular DNA and is associated with malignant transformation in hepatocytes. It interacts with 
nuclear transcription factors such as NF-κB, AP1, CREB, TATA-binding protein (TBP), per-
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oxisome proliferator-activated receptor γ (PPARγ) and transcription factor II H (TFIIH) [44]. 
Interaction of HBx protein with these transcription factors disrupts multiple cellular signal-
ling pathways that include janus kinase 1 (JAK1)-signal transducer activator of transcrip-
tion (STAT), mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K) 
and p53 signalling pathways. Cellular signalling pathways are important in regulating DNA 
repair, cell growth, differentiation, adhesion, proliferation and apoptosis. Although the pre-
cise mechanisms of action are still being elucidated, HBx protein has also been shown to 
induce methylation of important tumour suppressor genes critical in HBV-induced hepato-
carcinogenesis by modulating DNMTs [3, 44, 45, 47, 63, 65, 66].

The transcriptional transactivation role of HBx protein on the transforming growth factor 
beta 1 (TGF-β1) protein may be important in explaining liver inflammation and fibrosis. 
TGF-β1, encoded by TGF-β1 gene, is a cytokine that is produced in response to liver injury 
by activated hepatocytes, platelets and Kupffer cells. It triggers apoptosis, cell growth and 
differentiation in human hepatocytes, hepatoma cell lines and transgenic mice [3, 67, 68]. 
It promotes the development of fibrosis and cirrhosis in chronic HBV infection and other 
liver-related diseases. HBx protein induces the expression of TGF-β1 through the trans-
activation of TGF-β1 gene, the down-regulation of α2-macroglobulin and the induction of 
TGF-β1 mediator Smad4. High levels of TGF-β1 protein are observed in the sera of chronic 
HBV-induced HCC patients and correlate with the mutation and loss of mannose-6-phos-
phate/IGF-II receptor that mediates TGF-β1 signalling [3, 67, 69, 70]. In addition, HBx pro-
tein alters the signalling pathway of TGF-β1 from being tumour suppressive to oncogenic 
in early chronic HBV infection. This occurs via the activation of c-Jun N-terminal kinase 
(JNK) which shifts epithelial tumour suppressive pSmad3C signal to mesenchymal onco-
genic pSmadL signal pathway [3, 70].

Studies show that in HBx transgenic mice and hepatoma cell lines, HBx protein can transac-
tivate the NF-κB, MAPK/ERK, STAT3 and PI3K/Akt cellular signalling pathways by inducing 
the production of ROS. Accumulation of ROS in human cancers is associated with anti-apop-
totic activity, DNA damage and mutations which promote malignant transformation. HBx-
induced ROS and 8-oxoguanine alter the expression of PTEN protein by oxidising cysteine 
residues within the promoter region encoding PTEN gene, which activates Akt pathway and 
contributes to hepatocarcinogenesis [3, 65, 70–72].

2.3. HBx protein and DNA methylation

HBx protein has been labelled an epigenetic deregulating agent. It uses its oncogenic ability 
to induce promoter methylation of some cellular tumour suppressor genes that contrib-
ute to the development of liver cancer [3, 73]. Cancer-associated DNA methylation may 
be global hypomethylation (less methylation) or hypermethylation (increased methylation). 
Abnormal hypermethylation of various cellular genes including host tumour suppressors 
has been described in liver cancer, and it is associated with silencing of genes critical for pre-
venting malignant transformation [3, 56]. Altered gene expression has been reported in HBV 
infection where the DNA methylation machinery is induced as a host defence mechanism 
to suppress viral genes [3, 53, 57, 58]. This correlates with loss of normal activity in genes 
important for wound healing and immune processes. Disruption of these processes will 
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interfere with normal cell proliferation and apoptosis and potentiates the ability to metasta-
size in abnormal cells as seen in chronic liver disease and malignant transformation [3, 58, 
63]. By modulating the transcriptional activation of DNMTs, HBx protein induces the hyper-
methylation of tumour suppressor gene promoters and silences their expression [3, 74–77].

HBx protein induces the hypermethylation of RARβ2 gene by up-regulating DNMT1 and 
3A activities and down-regulating the expression of RARβ2 protein [3, 73, 77]. RARβ2 binds 
to and inactivates the E2F1 transcription factor, which is essential for cell cycle progression 
[3, 64, 73, 77]. Down-regulation of RARβ2 protein expression is associated with activation of 
E2F1 transcription factor, which abolishes the ability of retinoic acid to regulate the expres-
sion of G1 checkpoint regulators, leading to up-regulation of p16, p21 and p27 proteins. The 
activation of E2F1 transcription factor is associated with uncontrolled cell proliferation which 
contributes to carcinogenesis [3, 77].

Insulin-like growth factor binding 3 (IGJBP-3) is another potential tumour suppressor gene which 
is both hyper- and hypomethylated in HBV-induced HCC. Hypermethylation of IGJBP-3 
gene is mediated by DNMT 1 and 3A which are upregulated via the transcriptional activities 
of HBx protein, and this is associated with loss of IGJBP-3 gene expression. In contrast, HBx 
protein reduces the transcriptional activities of DNMT 3B, leading to hypomethylation and 
up-regulation of the IGJBP-3 gene [3, 45].

DLEC1 is a functional tumour suppressor gene silenced by promoter methylation in lung, 
gastric, colon and nasopharyngeal cancers. Similar methylation has also been observed in 
HCC where it is associated with induction of G1 cell cycle arrest and loss of gene expression. 
Silencing of DLEC 1 gene expression is mediated by both DNA hypermethylation and histone 
acetylation [3, 21, 78]. HBx protein encoded by HBV genotype A enhances the transcription 
of DLEC 1 gene by increasing the level of histone acetylation through the activation of HATs, 
leading to suppression of tumour progression. Through the activation of DNMT1 expression 
mediated by the pRB-E2F pathway, HBx protein induces DNA hypermethylation of DLEC1 
gene and suppresses its transcriptional activities [3, 78].

Caveolin-1, encoded by caveolin-1 gene, is an integral membrane protein abundantly expressed 
in adipose, fibrous and endothelial tissue. High-level expression of caveolin-1 protein disrupts 
growth factor signalling pathways, which in turn alters cell growth, proliferation and differ-
entiation. HCC cells expressing high levels of caveolin-1 are associated with uncontrolled cell 
growth, motility, in vivo tumour aggressiveness and metastasis. Conversely, HBx-induced 
methylation of Caveolin-1 gene promoter region suppresses its transcriptional activities, and 
this correlates with reduced tumour aggressiveness and metastasis, indicating a role of DNA 
methylation in HBV-related HCC [3, 80, 81].

Hypermethylation of p16ink4agene is a frequent event in several malignancies including HBV-
induced HCC. HBx protein silences the expression of p16ink4agene through the activation of DNA 
methyltransferase 1 and the cyclin D1-CDK 4/6-pRb-E2F1 pathway. Methylation of p16ink4agene is 
associated with increased viral replication, integration and loss of protein expression [3, 80, 81].
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genes [3, 76, 78, 82, 83]. This methylation is associated with increased up-regulation of DNMTs 
with DNMT1 being the most active one. Aberrant methylation of these genes is associated with 
perturbed cellular signalling pathways such as ubiquitination, DNA repair,  transcription, pro-
liferation and apoptosis, which may lead to the development of HBV-related HCC [3, 21, 45, 78].

Genome-wide studies aided in identifying DNA methylation, histone modifications and 
miRNA expression profiling across the entire samples with CHB and HBV-related HCC 
[3, 84–86]. Preliminary data conducted by Kgatle et al. [84] demonstrate that HBV-induced 
methylation may affect cellular processes such as cell cycle progression, calcium homeo-
stasis, hepatic metabolism, protein ubiquitination, RNA splicing and vitamin D receptor 
regulation, which are key mechanisms that HBx protein alters to favour viral replication 
and cell survival. Disruption in these cellular processes could cause genetic instability, 
hepatocyte transformation and tumour development. However, amongst most conducted 
genome-wide studies, there are some discrepancies and data variations due to lack of 
proper normal control, heterogeneity of disease, variations of samples source, use of differ-
ent technologies for analysis and validation with gene expression analysis, suggesting need 
for further validations [3, 84].

3. Summary

Substantial data show that there is an association between the methylation of CpG islands and 
transcriptional changes in gene promoter regions. Transcriptional alterations within gene pro-
moter regions interfere with the normal function of a wide spectrum of cellular genes includ-
ing tumour suppressor genes which are potential inducers of malignancies. Oncogenic viruses 
integrate themselves into the human genome and alter gene transcription through DNA meth-
ylation. During HBV infection, the expression levels of DNMTs are elevated in response to 
viral replication as viral genes are methylated to suppress viral replication. This may result 
in inappropriate random methylation of neighbouring host cellular genes, including tumour 
suppressor genes. This would cause malignant transformation and ultimately liver cancer. 
In addition, other genes affected by methylation may contribute to the development of liver 
inflammation, fibrosis and cirrhosis. As a multifunctional viral transactivator, the HBx protein 
may be the driving force behind the activation of DNMTs, causing gene promoter hypermeth-
ylation and gene silencing. The epigenetic alteration of genes may affect cellular signalling 
pathways and favour uncontrolled hepatocyte proliferation and HBV-induced inflammation, 
fibrosis and cancer.
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Abstract

Chronic hepatitis B (CHB) remains a difficult-to-treat disease because no current treat-
ments provide an optimal virological and immunological control, there is a high rate 
of relapse following any antiviral therapy, and there are no identified clinical use-
ful treatment stopping rules, especially in hepatitis B e antigen (HBeAg)-negative 
patients treated with nucleoside or nucleotide analogues (NUCs). Taking into account 
the limited options of antiviral drugs, the response-guided therapy seems to be the 
best approach for optimization of treatment response. Hepatitis B surface antigen 
(HBsAg) can be considered a surrogate marker of HBV immune control during antivi-
ral therapy, regardless of virological response reflected by serum HBV DNA. Thus, the 
decrease of HBV DNA level represents a reduction of viral replication, while serum 
HBsAg decline signifies a reduction of messenger RNA translation. The most impor-
tant on-treatment predictors of the antiviral treatment response, especially Peg-IFN 
α-2a, are the quantitative HBsAg and HBV DNA evolution during therapy. A combi-
nation of no HBsAg decline and <2 log10 IU/mL decrease of HBV DNA seems to be a 
predictor of nonresponse in European HBeAg-negative patients with genotype D. The 
reduction of HBsAg levels during NUCs treatment in HBeAg-positive patients may 
identify cases with subsequent HBeAg or HBsAg loss.

Keywords: chronic hepatitis B, antiviral treatment strategy, quantitative HBsAg, 
algorithm of chronic hepatitis B treatment
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1. Introduction

Worldwide, hepatitis B virus (HBV) infection has a high prevalence (350–400 million people 
are chronic HBV surface antigen carriers) and an increased morbidity and mortality (0.5–1 
million deaths annually) [1]. To date, chronic hepatitis B (CHB) remains a difficult-to-treat 
disease due to the inability to achieve an optimal viral and immunological control with the 
available treatments, the high rate of relapse following any antiviral therapy and the absence 
of clinically useful predictors of sustained serological and viral responses.

Although existing potent nucleoside and nucleotide analogues (NUCs) with high genetic bar-
riers have improved patient prognosis via suppression of viral load, there are still concerns 
that need to be addressed such as the need for long-term therapy, reactivation of the disease 
after cessation of therapy, hepatocellular carcinoma (HCC) risk persistence and the low rate 
of hepatitis B surface antigen (HBsAg) seroconversion.

In the last years, many published studies assessed the role of serum HBsAg quantification 
as predictor of treatment response in CHB patients treated mainly with pegylated interferon 
(Peg-IFN)-based regimens [2]. Some authors have proposed an early stopping rule using the 
combination between serum HBsAg and HBV DNA levels for hepatitis B e antigen (HBeAg)-
negative CHB patients treated with Peg-IFN α-2a [2, 3].

2. Natural history of chronic hepatitis B

CHB is distinguished in five different phases according to HBeAg status, HBV DNA level, 
HBsAg status, alanine aminotransferase (ALT) level and histologic damages [1, 4]. Thus, the 
five evolutionary phases are as follow: the “immune-tolerant” phase, the “immune-active” 
HBeAg-positive phase, the “inactive HBV carrier” state, the “immune-escape” HBeAg-
negative phase and the HBsAg-negative phase or “occult” HBV infection phase [1, 4]. In the 
evolution of chronic HBV infection, a patient may pass through each phase consecutively, 
especially after vertical transmission of the virus. Also, some phases are not identifiable in 
every patients, either because it may not be an obligatory step in the overall natural course of 
the infection or because it is of very short duration [5]. This feature seems to be dependent on 
age at the time of infection and the host immune reactivity against the virus.

The “immune-tolerant” phase is recognized usually in perinatally HBV-infected patients, 
which may last for about one to four decades in different populations and individuals [4, 5]. 
There is a highly replicative phase of the virus denoted by the presence of the HBeAg and 
high levels of HBV DNA (>2 × 107 IU/mL) in the serum despite a low inflammatory reaction 
reflected by normal ALT levels (<19 U/L for females and <30 U/L for males) and mild or no 
liver inflammation and no or slow progression of fibrosis [1, 2, 4, 5].

The “immune-active” phase, in which the immune system is trying to eliminate the virus, is 
defined by the HBeAg positivity in conjunction with high or fluctuating serum HBV DNA lev-
els, persistent or intermittent elevation of ALT levels and active inflammation with  accelerated 
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progression of fibrosis compared to the previous phase [1, 2, 5]. The hallmark of transition 
to the inactive phase of chronic HBV infection is the HBeAg seroconversion achieved in the 
natural course of the disease or therapeutically induced.

The “inactive HBV carrier” state represents the most desirable phase of the disease for 
HBsAg-positive patients. It is characterized by absence of HBeAg, positive anti-HBe, persis-
tently normal ALT values, low or undetectable HBV DNA (usually <2000 IU/mL) and mild 
or no inflammatory reaction on liver histology [1, 2, 5]. In clinical practice, one of the main 
issues is to distinguish between truly inactive HBV carriers and HBeAg-negative active CHB 
phase. It is well known that HBeAg-negative CHB patients could have intermittent normal 
transaminases and relatively low level of viral replication. However, these patients often have 
a long-term chronic HBV infection with advanced fibrosis score and a high probability of 
progression in the absence of treatment intervention. Considering that, we reinforced the rec-
ommendation to regularly check these patients based on individual clinical and biological 
characteristics.

The “immune-escape” phase may follow either by a spontaneous HBeAg seroconversion to 
anti-HBe (10–30%) or by reactivation of HBV replication and exacerbations of hepatitis fol-
lowing years of persistent inactive carrier state (10–20%) [1, 2, 5]. Moreover, this phase is 
defined by a fluctuating evolution of the disease activity with intermittent increase in ALT 
and HBV DNA serum levels [2]. Most of the patients harbor a pre-core or core promoter HBV 
variants which are unable to express or express low levels of HBeAg [1, 2].

The “occult” HBV infection phase follows after HBsAg disappearance and represents the per-
sistence of minimum viral replication with detectable HBV DNA into the liver and no or low 
levels of HBV DNA in serum (<200 IU/mL) [1]. The clinical relevance of this phase is explained 
by the increasing number of patients who need immunosuppressive or cytotoxic therapy. 
Thus, to avoid the reactivation of the HBV replication, all guidelines recommend checking for 
HBsAg, immune globulins G (IgG) anti-HBc, anti-HBs, ALT and HBV DNA serum levels in 
conjunction with preemptive antiviral therapy depending on the blood test results and type 
of immunosuppressive agent [1, 2, 5, 9].

3. Treatment objective

As HBV cannot be truly eliminated with available treatment due to the persistence of cova-
lently closed circular (ccc) DNA into the nuclei of the hepatocytes, the current goal of therapy 
in patients with CHB is improving the quality of life and prolonging their life expectancy by 
preventing the progression of the disease to the cirrhosis, decompensated cirrhosis, end-stage 
liver disease, hepatocellular carcinoma (HCC) and deaths [1, 2]. One of the efficient strategies 
to reach this goal is achieving and maintaining indefinitely the complete inhibition of viral 
replication. HBsAg loss and anti-HBs seroconversion, events rarely achieved nowadays, rep-
resent the ultimate aim of any antiviral treatment strategy and reflect especially the immune 
control of the virus without need for further medication, except decompensated cirrhosis or 
necessity of cytotoxic/immunosuppressive prolonged treatment [4].
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Virtually, all patients diagnosed with chronic HBV infection are potential candidates for anti-
viral therapy. However, considering that current antiviral cannot completely eradicate the 
virus, all international guidelines agree that treatment is not required in the immune-tolerant 
phase and inactive carrier state of chronic HBV infection [1, 2, 5, 6]. In addition, it has been 
proved that patients with CHB who persist for years in immune-tolerant phase or inactive 
carrier state do not register a significant disease progression and the likelihood of response, in 
particular HBeAg seroconversion, is very low (<5%) [6, 7]. Nevertheless, even in these popula-
tions some controversy still remains about the risk of developing HCC and the risk of virus 
transmission into the population, respectively. The REVEAL (Risk Evaluation of Viral Load 
Elevation and Associated Liver Disease/Cancer) study has been concluded that persistently 
high serum HBV DNA levels are associated with increased risk of cirrhosis, HCC and liver-
related death. On the other hand, 67% of populations in this study were older than age 39 
[8]. For all these reasons some experts have proposed that immune-tolerant patients older 
than age of 40 should receive antiviral treatment, especially if they have elevated HBV DNA 
(>106 IU/mL) and significant necroinflammation or fibrosis [2, 6]. Given that HBV infection is 
a chronic and dynamic condition, having the possibility of crossing a stage to the other and 
vice versa, regular monitoring is critical in patients without indication for antiviral therapy at 
a single-point assessment, in order to identify the best timing for treatment intervention [6].

From the clinical perspective, usually the decision to initiate the antiviral treatment in patients 
diagnosed with HBV infections is made by taking into consideration several important param-
eters: clinical status, ALT and HBV DNA levels, HBeAg status and the severity of liver inflam-
mation and fibrosis [1, 2, 5, 6]. Indications for treatment may also depend on age, familial 
history of HCC, coinfection with other viruses, immunosuppression conditions, planning to 
become pregnant within the next 2–3 years in female patients [1, 6]. There are some absolute 
indications for antiviral treatment necessity such as HBV infection–associated life-threatening 
liver disease: acute liver failure or severe acute hepatitis (prolonged jaundice and coagulation 
abnormality), decompensated cirrhosis, severe exacerbation of CHB as well as for prevent-
ing reactivation in patients receiving immunosuppressive therapy, regardless of HBV DNA 
and ALT levels [1, 2, 5, 6]. In patients with compensated cirrhosis, we follow the European 
Association for the Study of the Liver (EASL) guideline which recommends antiviral treat-
ment when the serum HBV DNA is detectable, irrespective of ALT levels [1]. In supporting 
of this approach, we mention the availability of potent NUCs with high genetic barrier to 
resistance along with slowing the progression of the disease to decompensated cirrhosis, end-
stage liver disease and death. In noncirrhotic CHB patients, the treatment is generally recom-
mended when they have a serum HBV DNA levels above 2000 IU/mL, persistently increased 
ALT levels above upper limit of normal (ULN) and/or histologic assessment showing moder-
ate/severe inflammation or fibrosis [1, 6]. However, there are slight differences between the 
guidelines regarding the cutoff for HBV DNA and ALT values and the need for liver biopsy 
in order to establish the indication for antiviral treatment.

The EASL guideline recommends an HBV DNA cutoff value of 2000 IU/mL for initiating 
treatment, irrespective of HBeAg status [1]. The American Association for the Study of Liver 
Disease (AASLD) and Asian Pacific Association for the Study of the Liver (APASL) guidelines 
suggest an HBV DNA level of 20,000 IU/mL for HBeAg-positive patients and 2000 IU/mL for 
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HBeAg-negative patients [2]. All international guidelines agree that, for patients who fulfill 
the criteria for HBV DNA, treatment should be recommended whenever the ALT levels are 
above 2×ULN or less than 2×ULN, even in normal range, whether are evidences for moderate/
severe inflammation or fibrosis [1, 2, 5].

4. Antiviral treatment strategy with available options: Peg-IFN and NUCs

To date, there are currently available two different classes of antiviral agents for treatment 
of CHB patients: IFN-α (conventional or pegylated) and oral drugs (NUCs) [4]. Despite the 
availability of seven approved drugs, only three of them are preferred as first-line options 
in the international American and European guidelines, as follow: Peg-IFN α-2a, entecavir 
(ETV) and tenofovir (TDF). Obviously, each of these agents is selected based on patient char-
acteristics, considering that neither IFN nor NUCs are the best treatment options in any clini-
cal condition. Thus, baseline as well as on-treatment predictive markers are needed to identify 
which patients benefit most from a finite course of IFN treatment or indefinite treatment with 
oral NUCs.

Both IFN-alfa and NUCs have different mechanisms of action in order to achieve the pre-
defined goals of treatment in CHB patients: ALT normalization, suppression of viral rep-
lication, HBeAg and HBsAg seroconversion [9]. In addition, the reduction of the risk of 
progression to cirrhosis and HCC are among the desired therapeutic objectives [9].

IFN is a pro-inflammatory cytokine with dual mechanism of action, both antiviral and immu-
nomodulatory activities, enhancing host immunity defense against HBV, which may lead to 
a sustained off-therapy response known as immune control [5, 6, 9]. Although the antiviral 
potency of IFN (Peg-IFN, respectively) is modest, the international guidelines have positioned 
it in the first-line treatment option, considering the major advantages associated with usage of 
this drug: finite duration of therapy, immunomodulatory effect with the potential to increase 
the chance of HBeAg and HBsAg seroconversion as well as a long-term immune control of 
the disease at least in a well-selected population [1, 2, 5, 10]. In addition, the National Institute 
for Health and Care Excellence (NICE) guideline for CHB recommend that a 48-week course 
of Peg-IFN α-2a should be offered as first-line treatment in adults with HBeAg-positive and-
negative CHB and compensated liver disease [10].

It has been identified pretreatment predictors of IFN/Peg-IFN α-2a response in HBeAg-
positive CHB patients: young age, high serum ALT levels (>2×ULN), low viral load, HBV 
genotype A and B, high histologic activity index and wild-type pre-core and basal-core pro-
moter sequence [6, 9]. In HBeAg-negative patients, there were no such well-defined baseline 
predictors of IFN treatment [6]. From the clinical point of view, the presence of these baseline 
predictors in an individual patient with CHB does not assure the response to a 48-week course 
of Peg-IFN treatment. For this reason, of great significance are early predictive factors, such 
as ALT flares and quantitative HBsAg decline at 12 and 24 weeks during treatment [11–13].

On the other hand, there are some limitations of IFN-based treatment in CHB due to the 
parenteral weekly administration, the broad spectrum of side effects and the restriction of 
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administration in several circumstances of the disease according to licensed indications (e.g., 
decompensated cirrhosis, uncontrolled psychiatric illness, pregnancy, hematologic neoplasia 
with need for cytotoxic or immunosuppressive treatment) [14].

NUCs, known as drugs with direct antiviral mechanism of action, targeting the HBV poly-
merase, represent another major class available in the therapeutic armamentarium of CHB. 
These antiviral drugs have become the mainstay therapy in CHB given the oral adminis-
tration, the easy management, the absence of contraindications to start treatment, the high 
antiviral potency and a narrow spectrum of side effects [6, 9]. Among the available NUCs, 
lamivudine (LAM), telbivudine (LdT) and adefovir (ADV) are no longer recommended as 
first-line monotherapy because of the resistance concerns, while ETV and TDF are ranked by 
all international guidelines in the pole position of antiviral treatment [1, 2, 5].

Mitochondrial toxicity is a potential side effect of any NUCs, but fortunately is very rare 
event. There are reported specific side effects for each NUC, such as myopathy and neu-
ropathy related to LdT, lactic acidosis related with administration of ETV in patients with 
severely impaired liver function and renal dysfunction and bone mineral density impairment 
in patients treated with ADV and TDF [6].

ETV and TDF suppress viral replication in over 90% of CHB patients within a defined 
period of time (months to years), although undetectable HBV DNA is much faster achieved 
when the baseline viral load is lower [9]. Furthermore, HBeAg seroconversion rate increase 
over time with around 40% in Asian studies and 20% of HBeAg-positive, genotype A, 
patients from Europe, respectively, while HBsAg seroconversion occurs in approximately 
3–10% of all CHB patients over 5 years of follow-up [6, 9]. Despite the inability of NUCs 
to act directly on the cccDNA, the level of the intrahepatic cccDNA seems to decrease over 
prolonged treatment with NUCs, as the nuclear replenishment with new chains of viral 
DNA is interfered by blocking the transcription of pregenomic viral RNA. It is estimated 
that with current NUCs treatment, the median number of years needed to clear HBsAg is 
52.2 years [15]. The similar study predicted a median time for HBsAg loss of 36 years in 
HBeAg-positive and 39 years in HBeAg-negative HBV infection, respectively [16]. High 
baseline ALT level seems to be the most important pretreatment predictor of response 
to NUC treatment in HBeAg-positive patients [6]. In the HBeAg-negative CHB patients, 
there have not been defined baseline predictors of treatment with NUCs [6]. Unlike Peg-
IFN treatment, it has not been demonstrated that HBV genotype could influence the NUCs 
treatment response [6].

The long-term completely viral suppression is associated with liver histology improvement 
and in some patients even with reversion of cirrhosis over a treatment period of 5 years [17, 18]. 
The impact of long-term treatment with NUCs on HCC risk is questionable. At least from the 
theoretically point of view, the inhibition of viral replication could decrease the cumulative 
incidence of HCC, considering that HBV DNA levels have been identified as an indepen-
dent risk factor for HCC occurrence [8]. Thus, there have been published some studies which 
established that long-term treatment with potent NUCs have been linked to the reduction of 
the incidence of HCC [19, 20]. On the opposite, the risk of HCC could not be eliminated with 
any available treatments because of the truncated sequences of HBs genes integrated in the 
DNA of the infected hepatocytes, which is believed to be associated with carcinogenesis.
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However, it is still unresolved issue related to the NUCs treatment in CHB, such as the safety 
of long-term usage of these antivirals, the extent of the optimal duration of treatment and 
when the treatment discontinuation is suitable [21]. Despite the highest antiviral efficacy, 
NUCs do not have immunomodulatory effects and induce only a transient increase of immune 
activity, being unlikely to provide a sustained off-treatment control of viral replication [21]. 
Thus, treatment with NUCs is indefinite in most cases. It has been proposed that the best 
and safest endpoint for NUCs discontinuation in any CHB patient is HBsAg seroconversion, 
defined as HBsAg loss and anti-HBs appearance at a level over 100–200 IU/mL [9]. However, 
around 30% of patients who achieve HBsAg loss during NUCs treatment do not develop 
anti-HBs even with prolongation of antiviral treatment [9]. According to the guidelines, the 
NUCs treatment endpoints in CHB patients are different depending on the HBeAg status. In 
HBeAg-positive CHB, it seems reasonable to discontinue the NUCs treatment in noncirrhotic 
patients who undergone HBeAg seroconversion and who have maintained the undetectable 
HBV DNA at least 1 year thereafter, although approximately 50% relapse [1, 9]. On the other 
hand, indefinite treatment with NUCs is necessary for HBeAg-negative patients and HBeAg-
positive patients who do not develop anti-HBe seroconversion [1]. The same approach is rec-
ommended in patients with cirrhosis irrespective of HBeAg status or anti-HBe seroconversion 
on treatment [1]. In some instances, discontinuations could be attempted in HBeAg-negative 
patients after treatment for at least 2 years (preferably 4–5 years) with undetectable HBV 
DNA documented on three separate occasions, 6 months apart [5, 9]. Once it has been decided 
to stop the NUC-based treatment, regular monitoring of virological and biochemical param-
eters is mandatory, considering that there are potential life-threatening clinical consequences 
associated with NUCs discontinuation such as hepatitis flare and hepatic decompensation [9].

5. Response-guided therapy based on serum HBsAg and  
HBV DNA kinetics

One of the modern and cost-efficient concepts in the management of CHB in terms of antiviral 
treatment is “response guided therapy” depending on the kinetics of the serum HBsAg and 
HBV DNA levels during treatment. In the current international guidelines, there are some 
validated rules that support either continuation of antiviral regimen, based on a positive pre-
diction of response, or contrary, cessation/switching therapy to another regimen, depending 
on a high negative prediction of sustained response.

The clinical relevance of quantitative serum HBsAg arises from the correlation with the 
intrahepatic amount and transcriptional activity of cccDNA, the main replicative template 
of HBV [22–24]. It is assumed that quantitative HBsAg could be used as a surrogate marker 
for immune control of the virus, regardless of the HBV DNA response during treatment and 
thereafter [23]. A HBV DNA decline directly reflects a reduction of viral replication, while 
serum HBsAg decline signifies a reduction of transcriptional activity of intranuclear cccDNA 
and integrated DNA sequences [24, 25].

Several studies have been published to identify the useful surrogate markers for selecting 
the initial antiviral regimen, for guiding the treatment as well as for early prediction of the 
favorable or unfavorable outcome [4]. These markers have been stratified as pretreatment 
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and on-treatment predictors. The majority of the studies have investigated the significance of 
HBsAg and HBV DNA levels as the most powerful predictive factors for antiviral treatment 
response. It is well known that the most important decrease of HBsAg levels occurred during 
the Peg-IFN treatment because of the dual mechanism of action, including the modulation of 
the immune activity. On the other hand, the long-term treatment with NUCs induces only a 
minimal reduction of serum HBsAg, especially in HBeAg-positive patients. Thus, the HBsAg 
quantification has various benefits in the management of CHB patients depending on the 
HBeAg status and the antiviral treatment.

Quantification of HBsAg levels can be used to guide the treatment with Peg-IFN α-2a. In 
addition, different studies proposed the role of HBsAg level as a “stopping rule” at week 12 
of Peg-IFN treatment in both HBeAg-positive and HBeAg-negative patients [5].

In HBeAg-positive CHB patients with genotype A and D, an absence of any HBsAg decline 
at 12 weeks of Peg-IFN treatment has been associated with a negative predictive value (NPV) 
of 97% for sustained response [26]. Moreover, in HBeAg-positive, genotype B and C chronic 
HBV infections, it has been observed that a level of HBsAg over 20,000 IU/mL at 12 weeks of 
treatment with Peg-IFN could predict a low chance of HBeAg seroconversion [1, 5]. Thus, 
the European and Asian guidelines have proposed an early stopping rule in CHB, HBeAg-
positive patients, who do not achieve any HBsAg decline or who have an HBsAg levels over 
20,000 IU/mL after 12 weeks of Peg-IFN-based treatment [1, 5]. Also, a level of HBsAg over 
20,000 IU/mL at 24 weeks could be applied as another stopping rule, irrespective of HBV gen-
otype [27]. Overall, around 20–30% of the HBeAg-positive patients would be eligible for an 
early stopping of treatment with Peg-IFN, at 12/24 weeks, due to the high negative prediction 
of the sustained response after 48 weeks course of standard of care [9]. On the other hand, it 
has been proved that HBeAg seroconversion rates 6 months posttreatment were significantly 
higher in patients with HBsAg <1500 IU/mL at weeks 12 and 24 (56.7 and 54.4%, respectively) 
versus patients with HBsAg <20,000 IU/mL (16.3 and 15.4%, respectively) [28]. Another on-
treatment positive predictor is based on HBV DNA decline at 12 weeks. An HBV DNA level 
less than 20,000 IU/mL has been associated with 50% chance of anti-HBe seroconversion [29].

In HBeAg-negative genotype D patients treated with Peg-IFN α-2a, it has been validated a 
stopping rule depending on a combination of HBsAg and HBV DNA assessment at 12 weeks. 
According to this rule, we can identify early, with a NPV of 100%, all CHB, HBeAg-negative, 
genotype D patients who will not achieve sustained response at 48 or 96 weeks of treatment 
with Peg-IFN α-2a [30]. A less than 10% decline of HBsAg levels at 12 weeks for patients with 
nongenotype D infections and at 24 weeks for genotype D has been shown to be associated 
with 16% probability of treatment response at 1 year posttherapy [31]. Similar to HBeAg-
positive patients, approximately 50% of HBeAg-negative CHB patients with an HBV DNA 
decrease <20,000 IU/mL at 12 weeks during Peg-IFN treatment would achieve a sustained 
off-treatment response [1].

In 2013, we published a Romanian real-life small cohort study which included 57 patients 
with CHB treated 48 weeks with Peg-IFN α-2a and followed for another 24 weeks. The major-
ity of patients had HBeAg-negative CHB (68%, n = 39) and genotype D (approximately 80%). 
During treatment, patients who achieved sustained response showed a marked decrease in 
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serum HBsAg in comparison with non-responders (mean decrease of 1.06 ± 1.3 log10 IU/mL 
versus 0.04 ± 0.5 log10 IU/mL at 48 weeks, p = 0.005). On therapy, HBV DNA reduction >2 log10 
IU/mL with any decrease of HBsAg level at week 12 had a positive predictive value (PPV) of 
80% (95% CI: 51.91–95.43%) for sustained response, while HBV DNA decline <2 log10 IU/mL 
without any decline of HBsAg had a NPV of 85.71% (95% CI: 42.23–97.63%) for sustained 
response. One interesting findings of our study showed that relapsers had the same HBsAg 
declining profile as non-responder patients [3].

Considering that the rate of virological relapse after cessation of NUCs treatment is estimated 
to be 50%, the decline of HBsAg may help identify patients in whom treatment can be safely 
stopped without a high risk of relapse. Together with serum ALT and HBV DNA assess-
ment, HBsAg quantification has been proposed as a clinically useful tool to monitor treatment 
responses during NUCs treatment, especially the prediction of future HBsAg loss [4].

The magnitude of HBsAg reduction during NUCs treatment could also predict the later 
HBsAg loss [4]. An HBsAg decline more than 1 log10 IU/mL after 1 year of oral antiviral treat-
ment in HBeAg-positive CHB patients have been shown to predict the HBsAg loss [32].

Lower HBsAg levels at the end of treatment were predictive for later HBsAg loss, as well as 
for maintenance of HBV suppression after discontinuation of long-term NUCs treatment [4].

In HBeAg-positive CHB patients, an HBsAg levels <100 IU/mL was highly predictive of sus-
tained response at 2 years off treatment [33]. In a recent Asian study, it has been showed that 
post-treatment virological relapse rate was significantly higher in patients over 50 years old 
and in patients with an HBsAg level >2 log10 IU/mL at the ETV cessation [34]. In the same 
study, an HBsAg level of 2.5 log10 IU/mL at HBeAg seroconversion has been established as 
an optimal cutoff for prediction of post-treatment virological relapse [34]. Thus, patients aged 
<50 years who achieved an HBsAg level <2.5 log10 IU/mL at HBeAg seroconversion had the 
lowest rate of relapse, 5% respectively [34]. In HBeAg-positive CHB patients treated with 
ETV, a serum HBsAg level below 2.5 log10 IU/mL at HBeAg seroconversion could be a useful 
predictor of post-treatment virological relapse [34].

Although previous studies have shown that quantitative HBsAg levels could be a useful 
predictor of relapse after cessation of treatment with NUCs in HBeAg-negative patients, in 
other recent prospective studies, neither HBsAg level at the end of treatment nor the kinet-
ics of HBsAg were not able to predict the off-treatment relapse [35]. However, at the end of 
treatment, both HBsAg ≤2 log10 IU/mL and reduction by >1 log10 IU/mL from baseline were 
associated with a sustained virological response, defined as HBV DNA <200 IU/mL 12 month 
posttreatment [36].

6. Other clinical benefits of serum HBsAg quantifications in management 
of chronic hepatitis B

Since its discovery, besides the using of qualitative HBsAg as a diagnostic marker, there have 
been identified several roles of HBsAg in the management of chronic HBV infections, as follows.
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6.1. Defining different phases of CHB

It is well known that HBsAg levels vary during the natural history of chronic HBV infections [3]. 
The highest values of HBsAg are reported in immune-tolerant phase (5.0 log10 IU/mL for HBsAg) 
and progressively decrease in “immune-active” phase (medium level of 3.0–4.0 log10 IU/mL) 
[24, 37, 38]. The lowest values of HBsAg levels have been reported in the “inactive carrier 
state” [24, 38]. Moreover, there is a variability of the quantitative HBsAg across different viral 
genotypes [3]. Patients with genotype A and D have the highest mean value of serum HBsAg 
(4.5 log10 IU/mL) compared to genotypes B and C (4.3 log10 IU/mL and 3.8 log10 IU/mL, respec-
tively) [32, 39].

From the clinical point of view, combining a single-point determination of HBsAg <1500 IU/
mL and HBV DNA <2000 IU/mL may identify “true inactive carriers” with a NPV of 96.7% 
for genotype D CHB patients [40]. This strategy could be useful especially in HBeAg-negative 
CHB patients with an HBV DNA level around 2000 IU/mL and normal transaminases, consid-
ering that in some patients is difficult to distinguish between active HBeAg-negative hepatitis 
and inactive carriers.

6.2. Predictor of liver fibrosis

Both HBV DNA and HBsAg levels have a declining evolution as long as liver disease prog-
ress from the immune-tolerant status to the active hepatitis and cirrhosis in HBeAg-positive 
patients [41]. Although previous studies showed that HBV DNA level could predict the risk 
of cirrhosis and HCC, it has been proved a poor correlation between HBsAg level and HBV 
DNA across different phases of the chronic HBV infection [8, 41]. Given that ALT measure-
ment is a suboptimal marker for prediction of significant liver disease, it is recommended to 
have, as accurate as possible, an estimation of fibrosis and inflammation based on a reliable 
tool in order to decide antiviral treatment indication [42]. Nowadays, liver biopsy became 
rarely used in evaluation of patients with chronic hepatitis viral diseases due to the risk of 
the procedure, inter- and intraobservers variability, costs, as well as the availability of several 
noninvasive tests. All international guidelines agree that any HBV carriers who fulfill the cri-
teria of HBV DNA have indication of antiviral treatment, whether there are evidences of sig-
nificant necroinflammation and/or moderate/severe fibrosis [1, 2, 5]. Transient elastography, 
an imaging noninvasive test for assessing liver fibrosis, has a low accuracy in distinguished 
between intermediate stages of fibrosis (F1–F3). Also, the results are influenced by some con-
founding factors such as steatosis, ALT elevation [43].

There is emerging evidence suggesting association between HBsAg level and liver  fibrosis 
stage in HBeAg-positive CHB patients. It has been proposed different cutoff levels of HBsAg 
for prediction of liver fibrosis among HBeAg-positive patients. Thus, serum HBsAg over 
100,000 IU/mL was 100% predictive of insignificant fibrosis in patients with ALT below 
2×ULN [42]. In HBeAg-positive patients with ALT ≤2×ULN, an HBsAg level over 25,000 
IU/mL has been proved to be the best independent predictor of insignificant liver fibrosis 
(PPV of 92.7%, odds ratio 9.042) [42]. Based on these results, it has been suggested that 
HBeAg-positive patients with ALT ≤2×ULN and HBsAg ≥ 25,000 IU/mL could be  followed 
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without the need of liver biopsy [42]. On the other hand, there are evidences which sup-
port that lower serum levels of HBsAg are associated with more severe liver fibrosis in 
HBeAg-positive CHB patients [41]. A cutoff of 4.7 log10 IU/mL predicted moderate to 
advanced fibrosis (F2-F4) in HBeAg-positive patients, with an accuracy of 89% and a NPV 
of 91% [41]. Thus, a single-point baseline assessment of HBsAg level in HBeAg-positive 
chronic HBV-infected patients could become an accurate surrogate marker for distinguish 
moderate to advanced fibrosis from no or mild fibrosis [41]. However, in HBeAg-negative 
patients, there were no reported significant differences in serum HBsAg levels between 
patients with moderate to severe fibrosis and those with no or mild fibrosis [41].

6.3. Predictor of HCC

One of the remaining concerns in the management of CHB patients is the individual predic-
tion of the HCC risk. There is very well known that the risk of HCC cannot be eliminated with 
any available therapy because of integrated sequences of viral DNA into the host genome. 
Even in cases of acute HBV naturally resolved infections the risk of HCC is estimated to be 
very low but higher compared to the general populations. The REVEAL study showed that 
viral replication is the major driver of disease progression and is an individual risk factor 
for HCC occurrence in patients with baseline HBV DNA ≥2000 IU/mL [8]. From the clinical 
practice point of view, it is very important to identify risk factors for HCC in an individual 
with CHB in order to adjust our HCC screening strategy. There are preliminary data which 
suggest an existing correlation between higher HBsAg level and an increased risk of HCC 
appearance [44]. From the clinical point of view, a particular interest would be in noncirrhotic 
patients with low level of HBV DNA (<2000 IU/mL) in whom the risk of HCC is difficult to be 
estimated. Thus, in HBeAg-negative patients with HBV DNA <2000 IU/mL an HBsAg level 
≥1000 IU/mL has been has been identified as a new independent risk factor of HCC with a 
hazard ratio of 13.7 (95% CI: 4.8–39.3) compared to patients with HBsAg level <1000 IU/mL 
[44]. Moreover, HBV DNA has not been associated with HCC risk in these patients. Contrary, 
in HBeAg-negative patients with HBV DNA level above 2000 IU/mL, the HCC risk has not 
been proved to be linked to serum HBsAg levels [44]. These data support the role of HBsAg 
as a complementary tool by the side of HBV DNA in predicting the risk of HCC occurrence. 
According to the existing evidences, high risk factors for HCC related to HBV chronic infec-
tion include male gender, age over 50 years, HBV genotype B and C, pre-core and basal-core 
promoter HBV variants, pre-S deletion mutants, high serum of ALT, HBV DNA ≥ 2000 IU/mL 
and last but not least HBsAg ≥1000 IU/mL in low viremic HBeAg-negative patients [45].

7. Conclusions

In summary, there have been identified several clinical benefits of using quantitative HBsAg 
in the management of CHB. In case of IFN-based treatment, the most important role of HBsAg 
measurement is attributed to the highest NPV for sustained post-treatment response. Thus, in 
routinely clinical practice, different early stopping rules after 12 weeks of treatment can be used, 
depending on the HBeAg status. In HBeAg-positive CHB patients, Peg-IFN should be stopped 
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after 12 weeks whether HBsAg does not decline more than standard error or HBsAg level is 
above 20,000 IU/mL. In HBeAg-negative CHB patients, an absence of HBsAg reduction com-
bined with a less than 2 log10 IU/mL decline of HBV DNA at week 12 of treatment should be used 
as another stopping rule. On the other hand, in NUCs treatment, the exact roles of the HBsAg 
have not been defined yet. However, one of the proposed roles of HBsAg quantification during 
long-term NUCs therapy is identifying those patients in whom treatment discontinuation can be 
safely decided. Moreover, there are robust evidences that support the role of HBsAg quantifica-
tion as a useful tool for identification of true inactive HBV carriers, for distinguishing between 
HBeAg-positive patients with moderate to advanced fibrosis and no or mild fibrosis, as well as 
for predicting the risk of HCC occurrence especially in HBeAg-negative low viremic patients.
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Abstract

Hepatitis B virus (HBV) infection remains a major health problem worldwide and a major 
risk factor for end-stage liver disease and hepatocellular carcinoma. Notable differences 
of chronic hepatitis B prevalence were observed in geographic area. In highly endemic 
areas, at least 50 % of HBV infections are most commonly acquired either perinatally or 
in early childhood, during the first 5 years of life. The prevalence of chronic HBV infec-
tion in pregnant women is expected to mirror those in the general populations of each 
geographic area. Chronic hepatitis B during pregnancy is associated with high risk of 
maternal complications and an increased risk of mother-to-child transmission (MTCT). 
Thus, chronic hepatitis B during pregnancy can now be considered an important con-
tributor to new HBV infections and to the global burden of disease. As a result, HBV 
infection during pregnancy requires management strategies for both the mother and the 
fetus/neonate, including prevention/elimination of MTCT and lessening the HBV effects 
on maternal and fetal health. This chapter will review current management strategies for 
hepatitis B in the pregnancy and the postpartum period, including special considerations 
on the effects of pregnancy on the course of HBV infection, MTCT, and antiviral therapy 
during the pregnancy.

Keywords: hepatitis B virus, pregnancy, mother-to-child transmission, disease burden, 
antiviral treatment, HBV vaccination, hepatitis B immune globulin (HBIG)

1. Introduction

Hepatitis B is caused by hepatitis B virus (HBV), a partially double-stranded DNA virus, 
member of the Hepadnaviridae family. The hepatitis B virion is a 42-nm particle composed 
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of a 27-nm nucleocapsid consisting of the hepatitis B core antigen (HBcAg) surrounded by 
an outer lipoprotein coat envelope containing the hepatitis B surface antigen (HBsAg) [1, 2].

To date, 10 HBV genotypes (A–J) have been defined based on intergroup divergence of above 
8 % in the complete nucleotide sequence and over 30 subgenotypes. The genotypes show 
heterogeneity in their global geographic distribution and have also been associated with dif-
ferent clinical features and different responses to antiviral therapy [3–6].

HBV infection remains a major health problem worldwide and a major risk factor for end-
stage liver disease and hepatocellular carcinoma. Two billion people worldwide have been 
infected with HBV, and more than 240 million people have chronic hepatitis B infection 
defined as HBsAg positive for more than 6 months. Despite the fact that in many countries 
HBV infections have declined substantially because of effective prevention strategies, more 
than 780,000 people die every year worldwide due to HBV complications, including cirrhosis 
and liver cancer [2].

HBV infection is transmitted by percutaneous and mucous membrane via blood or infected 
body fluids [7]. HBV mother-to-child transmission (MTCT), defined as HBsAg positivity at 
6–12 months of life in an infant born to an infected mother, has been recognized as a major 
mode of transmission and at the same time the most important phase for the chronic hepati-
tis B prevention. In Asia, up to 50 % of new cases of HBV infection are due to MTCT [8–10]. 
In Europe, MTCT is the most important and frequent transmission route of HVB infection, 
which accounted for 41.1 % of all cases, according to the results of the first enhanced surveil-
lance data collection of HVB infections across 30 countries of the European Union and the 
European Economic Area [11].

Infants born to HBsAg-positive mothers who do not become infected perinatally remain at 
risk of HBV infection during early childhood [12]. More than one third of patients with HBV 
acquired the infection during the perinatal period or in early childhood, even in low-endemic 
areas [13]. In highly endemic areas, at least 50 % of HBV infections are most commonly 
acquired either perinatally or in early childhood, during the first 5 years of life [2]. Moreover, 
the rate of chronicity is about 90 % for perinatally acquired HVB infection or during the first 
year of life, 30–50 % in infected children between ages 1 and 6 years, and 5–10 % in children 
over the age of 6 years and in adults [2, 14].

Thus, chronic hepatitis B during pregnancy is now an important contributor to the new HBV 
infections and to the global burden of disease.

2. Epidemiologic aspects of HBV infection in pregnant women

Notable differences of chronic hepatitis B prevalence were observed by geographic area, 
with the highest endemicity levels in the sub-Saharan Africa and East Asia (5–10 %) and 
low prevalence (<1 %) in the United States (USA), Canada, and Western Europe. High 
rates of prevalence have also been found in the southern regions of Eastern and Central 
Europe [2, 15].
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According to the technical report of the European Centre for Disease Prevention and Control 
(ECDC), based on literature review, the prevalence of HBsAg in the general population 
ranged from 0.1 to more than 7 % by country. Countries in the central or southern part of the 
Europe (EU) have a higher prevalence of HBV infection than countries in the northern or west-
ern part of the EU. Thus, Romania, Greece, and Turkey have a high HBV prevalence (>2 %); 
Italy has medium HBV prevalence (>1 and ≤2 %), while Belgium, France, Spain, Germany, 
the Netherlands, Slovakia, Sweden, Switzerland, and the United Kingdom have a low HBV 
prevalence (≤1 %). Among countries with available data, Turkey has the largest number of 
HBV-infected individuals (national and regional estimates ranged from 2.5 to 9.0 % in adults 
and 1.7 to 2.7 % in children only), followed by Romania (5.6 %) [16].

The prevalence of chronic HBV infection in pregnant women is expected to mirror those in 
the general populations of each geographic area. Thus, in higher endemicity areas, rates are 
proportionately higher [9].

In the United States, a country of low endemicity, estimated chronic HBV infection prev-
alence in pregnant women is 0.7–0.9 % [17]. In Europe, the chronic HBV infection preva-
lence in pregnant women is generally higher than in the general population (0.1–4.4 %) in 
countries where both estimates were available (e.g., Germany, Greece, Ireland, Italy, the 
Netherlands, and Slovakia), according to the ECDC study. This difference in prevalence can 
be attributed to the fact that migrant women, whom have a relatively high HBV infection 
prevalence, are better represented in pregnancy studies than in general population studies. 
Conversely, Spain reported in Catalonia in 2004 a lower prevalence of chronic hepatitis B in 
pregnant women than the prevalence in the general population in the same region in 2002 
(0.7 %), attributing these aspects to the higher vaccination rate [16]. In France, the prevalence 
of chronic HBV infection is about 1 % in pregnant women [18]. In Denmark, country where 
all pregnant women have been screened for HBV since November 2005, the overall preva-
lence of HBV infection among pregnant women has increased from 0.11 % in 1971 to 0.26 % 
in 2007. In the same period, the prevalence among pregnant native Danes decreased from 
0.11 to 0.01 % [19].

Available data suggest a wide variation in prevalence of chronic HBV infection among preg-
nant women globally. However, there are insufficient epidemiological data and limitations to 
estimate the epidemiology of HVB infection among pregnant women globally.

3. Serological markers of HBV infection

Measurement of several HBV antigens and/or antibodies plays an important role in diagnosis, 
assessment, and monitoring the disease progression and its response to treatment.

There are three clinical useful antigen-antibody groups used in the serological diagnosis of 
HVB:

1. Hepatitis B surface antigen and antibody: antigen (HBsAg) and antibody to HBsAg 
(anti-HBs)
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2. Core antigen and antibodies: antigen (HBcAg does not appear in the blood) and antibody 
to HBcAg (anti-HBc), IgM antibody subclass of anti-HBc (IgM anti-HBc), and IgG antibody 
subclass of anti-HBc (IgG anti-HBc)

3. Hepatitis B e antigen (HBeAg) and antibody to HBeAg (anti-HBe)

Additionally, the presence and concentration of circulating HBV DNA can also be tested 
[20–22].

HBsAg is the serological hallmark of both acute and chronic forms of HBV infection and the 
most commonly used diagnostic and blood screening marker for HBV infection. It usually 
appears in serum 1–10 weeks (average, 4 weeks) after acute exposure to the virus, and its per-
sistence for six months or more implies progression to chronic HBV infection. The presence of 
HBsAg indicates that the person is infected with HBV and is therefore potentially infectious. 
More than 95–99 % of adults with acute HBV infection will recover spontaneously, without 
antiviral therapy [23, 24].

In patients that recover completely from their HBV infection, HBsAg usually becomes unde-
tectable after four to six months, and its disappearance is followed several weeks later by 
the appearance of anti-HBs. Therefore, there is a gap ("window period") of several weeks to 
months between the disappearance of HBsAg and the appearance of anti-HBs, and during 
this period, the detectable marker of HBV infection is anti-HBc. The persistence of anti-HBs 
for a lifetime provides long-term immunity against HBV. Therefore, the presence of anti-HBs 
in serum attests to previous HBV exposure and acquired immunity. In some patients, anti-
HBs may not become detectable after disappearance of HBsAg. These patients do not appear 
to be susceptible to recurrent infection [20, 23, 24].

Total anti-HBc (IgM and IgG) appears before anti-HBs, and its presence in serum attests both 
past exposure and current HBV infection. Its presence during the “window period” makes it 
a reliable indicator of HBV infection, in the absence of other HBV markers [25].

IgM anti-HBc develops in acute HBV infection and may usually persist for four to six months 
if the infection resolves [20, 22]. Although it is considered a reliable serologic marker for acute 
infection, IgM anti-HBc can also become positive during a chronic hepatitis B flare in patients 
who have long-standing hepatitis B [26, 27].

A negative IgM anti-HBc in conjunction with a positive HBsAg likely suggests a chronic 
HBV infection. As a result, routine testing for IgM anti-HBc is not generally recommended to 
screen for acutely infected patients [28, 29].

IgG anti-HBc develops in the late acute phase of infection and generally remains detectable 
for lifetime [20]. IgG anti-HBc may be the only serologic marker remaining in patient serum 
who recover from acute HBV infection. The presence of IgG anti-HBc can indicate progression 
to chronic disease [22].

HBeAg is a viral soluble protein that develops in the serum of persons with acute or chronic 
HBV infection. HBeAg appears in serum early during acute HBV infection and usually dis-
appears about three weeks before HBsAg disappears. Persistence of HBeAg three or more 
months after the onset of illness indicates a carrier state and the risk of developing chronic 
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HVB. The HBeAg presence in the serum of HBV carriers and chronic hepatitis B patients indi-
cates greater infectivity and a high level of viral replication [20, 30].

The small-size soluble HBeAg can cross the placental barrier from the mother to the fetus 
especially through villous capillary endothelial cells. The maternal HBeAg-positive serologi-
cal status and high serum HBV DNA levels increase the risk of MTCT. By contrast, the absence 
of the HBeAg in serum is associated with lower levels of viral replication and with a signifi-
cantly lower risk of intrauterine HBV transmission. The infants born to HBeAg-positive moth-
ers have up to 90 % chance of acquiring perinatal HBV without prophylaxis [13, 14, 31, 32].

Anti-HBe appears in the resolution phase of the disease, when HBeAg disappears. Its pres-
ence correlates to a decreased infectivity. A seroconversion of HBeAg to anti-HBe marks a 
transition to the inactive carrier state in the majority of cases [20].

Spontaneous or treatment-induced HBeAg seroconversion is associated with lower rates of 
disease progression [33].

In addition to viral antigens and antibodies detected or measured, serum HBV DNA can also 
be measured both qualitatively and quantitatively (HBV viral load). HBV DNA is the most 
sensitive and specific marker of viral replication [29].

Serologic pattern of acute HBV infection is characterized by the transient presence of HBsAg 
(<6 months) and IgM anti-HBc. HBeAg and HBV DNA are also present during the initial 
phase of infection. The disappearance of HBV DNA, HBeAg to anti-HBe seroconversion, and 
loss of HBsAg or HBsAg to anti-HBs seroconversion designate recovery. The presence of IgG 
anti-HBc in the absence of HBsAg usually indicates a past HBV infection, while the presence 
of anti-HBs only reveals immunity to HBV infection after vaccination [20, 22, 25].

Three standard tests (HBsAg, anti-HBs, and anti-HBc) are usually indicated to determine if a 
person is currently infected with HBV, has recovered from HBV infection, or is susceptible to 
HBV infection [20].

Combinations of serologic HBV markers are used to identify different phases of HBV infec-
tion (Table 1).

Serological markers Results Interpretation

HBsAg Negative Never infected. Susceptible

Total anti-HBc Negative Vaccination should be recommended

Anti-HBsAg Negative

HBsAg Negative Recovered from past infection and 
immune

Total anti-HBc Positive

IgM anti-HBc Negative

Anti-HBsAg Positive

HBsAg Negative Immune due to hepatitis B vaccination

Total anti-HBc Negative
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4. Mechanisms and predictors for MTCT of HBV infection

Perinatal transmission of hepatitis B is highest in mothers with acute hepatitis, especially in 
HBe-positive mothers in the third trimester (50–80 %), lower in mothers with anti-HBe (25 %), 
and lowest in carriers (5 %) [34].

The World Health Organization (WHO) defines “perinatal” as the time period starting at 
22 completed weeks (154 days) gestation and ending seven complete days after birth [35]. 
However, the perinatal period is defined in various ways, and depending on the definition, it 
starts at the 20th–28th week of gestation and ends 1–4 weeks after birth [36]. The term MTCT 
is entitled and covers the transmission of all HBV infections from mother to her child during 
pregnancy (intrauterine transmission), childbirth, or after birth. As a result, there are three 
main possible routes for MTCT of HBV infection: transplacental transmission of HBV, trans-
mission during delivery, and postnatal transmission during child care and breastfeeding [37].

Intrauterine transmission of HBV is considered the most important cause for the failure of 
passive-active immunoprophylaxis in preventing MTCT, although it is presumed to cause a 
minority of HBV infections [38]. The main risk factors for intrauterine HBV infection are mater-
nal serum HBeAg positivity, high HBV DNA level, history of threatened preterm labor, and 
HBV presence in the villous capillary endothelial cells of the placenta. One of the proposed 
mechanisms involved in the HBV intrauterine transmission is the transplacental leakage of 

Table 1. Most common serological profiles of HBV infection [20, 22, 28].

Serological markers Results Interpretation

Anti-HBsAg Positive

HBsAg Positive Acute HBV infection

Total anti-HBc Positive

IgM anti-HBc Positive

Anti-HBsAg Negative

HBsAg Positive Chronic HBV infection

Total anti-HBc Positive

IgM anti-HBc Negative

Anti-HBsAg Negative

HBsAg Negative Interpretation of isolated detection of 
anti-HBc

Total anti-HBc Positive Resolved infection

Anti-HBsAg Negative Window period of acute HBV (anti-
HBc-predominantly IgM)

False-positive test results

“Low level” chronic infection
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HBeAg-positive maternal blood induced by uterine contractions during pregnancy and by 
the disruption of placental barriers. In addition, HBeAg can pass through the placenta via the 
“cellular route.” Although the risk of fetal hepatitis B infection through amniocentesis is con-
sidered to be low, the maternal HBeAg status would be valuable in the counseling regarding 
risks associated with amniocentesis. Another possible route of HBV intrauterine transmission 
could be via germ cells, maternally or paternally dependent [14, 37, 39].

HBV transmission during delivery is recognized as the most important route of MTCT in 
endemic areas for HBV infection, as a result of exposure to maternal cervical secretions and 
maternal blood that contain HBV. There is no consensus regarding the effect of delivery mode 
on MTCT (vaginal delivery vs. cesarean section). While some studies suggest that cesarean 
section might reduce the risk of MTCT, other studies assert that the mode of delivery does not 
influence the rate of HBV transmission as long as all infants received both hepatitis B vaccine 
and hepatitis B immune globulin (HBIG) at birth [37].

There is little evidence that cesarean delivery prevents HBV transmission, and current guide-
lines do not recommend cesarean section to decrease the risk of MTCT. As for elective cesar-
ean section (ECS), there are studies that show alike an absolute risk reduction of MTCT of 
HBV compared with immunoprophylaxis alone and studies that report no benefit to ECS. 
According to recent clinical guidelines of American College of Gastroenterology (ACG) con-
cerning liver disease and pregnancy, validation studies are needed to determine the rela-
tive safety and efficacy of ECS and immunoprophylaxis versus immunoprophylaxis alone in 
reducing MTCT of HVB [40].

Although markers of HBV are detectable in breast milk from HBsAg-positive women, there is 
no evidence that breastfeeding is a risk factor for HBV infection if the infant received hepatitis 
B vaccine and HBIG. According to the WHO and the American Academy of Pediatrics recom-
mendations, in infants who receive full immunoprophylaxis, breastfeeding in HBs-positive 
mothers is not a contraindication [9, 41, 42].

5. Clinical and laboratory features of HBV infection in pregnancy

The clinical manifestations of HBV infection may be variable in both acute and chronic dis-
eases. In acute HBV infection, clinical manifestations usually range from anicteric hepatitis to 
icteric hepatitis, while in the chronic phase, manifestations range from an asymptomatic car-
rier state to chronic hepatitis, cirrhosis, and hepatocellular carcinoma. Fulminant hepatic fail-
ure, most probably due to massive immune-mediated lysis of infected hepatocytes, is unusual 
but can occur in some cases. Extrahepatic manifestations may be present in both acute and 
chronic infections [25, 40, 42].

Testing for HBsAg should be performed in all women at the first prenatal visit, even if they have 
been previously vaccinated or tested, and repeated later in pregnancy if appropriate [25, 43].

The first step in assessing a woman presenting at any stage of pregnancy with acute or chronic 
HBV infection should be the same as with any nonpregnant patient: complete history, physical 
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exam, standard serological workup, laboratory test which should include assessment of liver 
disease activity and function, markers of HBV replication, and tests for coinfection with hepa-
titis C virus [8, 16, 40, 43, 44].

The clinical spectrum of acute HBV infection in pregnant women usually is not different from 
that of nonpregnant women; however, the risk of preterm delivery and low birth weight is 
higher than in the general population [9, 14, 42]. It seems that acute HBV infection does not 
increase mortality or have teratogenic effects [9].

Common symptoms of acute HBV infection in pregnant women are indistinguishable from 
those of nonpregnant, including upper quadrant discomfort, fatigue, nausea, vomiting, 

Phase ALT HBV DNA HBeAg Notes

“Immune tolerant” Normal Elevated Positive Perinatal or early 
childhood-acquired 
HBV infection
Patients are highly 
contagious Low 
spontaneous HBeAg 
loss Minimal liver 
inflammation and 
fibrosis

HBeAg-positive 
immune-active phase 
“Immune active”

Elevated Elevated Positive Moderate-to-severe 
liver inflammation or 
fibrosis HBeAg to anti-
HBe seroconversion 
possible, leading to 
“immune-control” 
phase

Inactive chronic 
hepatitis “Immune 
control”

Normal Low or undetectable Negative Low risk for cirrhosis 
Minimal liver 
necroinflammation, 
variable fibrosis

HBeAg-negative 
chronic hepatitis 
“Immune escape 
mutant”

Elevated persistent or 
intermittently

Moderate to elevated Negative Generally in older 
persons Liver 
necroinflammation 
Risk for fibrosis or 
cirrhosis

“Reactivation” or 
“acute-on-chronic 
hepatitis” or HBeAg-
negative immune 
reactivation phase

Elevated Elevated Negative Spontaneously or 
precipitated by 
immunosuppressive 
therapy, 
transplantation, 
antiviral resistance, 
HIV infection, 
withdrawal of antiviral 
therapy Moderate-
to-severe liver 
necroinflammation and 
fibrosis

Table 2. Phases of chronic hepatitis B [44–46].
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diarrhea, headaches, myalgia, anorexia, low-grade fever, and jaundice. The icteric phase of 
acute viral hepatitis usually begins within 10 days of the initial symptoms and disappears 
about 4–12 weeks afterwards. Diagnosis is based on the detection of HBsAg and the pres-
ence of IgM anti-HBc. Recovery is accompanied by HBsAg clearance with seroconversion to 
anti-HBs, usually within 3 months. Concentrations of alanine and aspartate aminotransfer-
ase (ALT and AST) levels usually increase, with ALT typically higher than AST. In patients 
who recover, normalization of serum aminotransferases usually occurs within one to four 
months [20, 25, 42, 45].

Acute exacerbation or flare of hepatitis in chronic HBV infections can be present during 
pregnancy, and it may be difficult to differentiate from acute HBV infection. HBV testing 
with HBsAg and IgM anti-HBc is recommended in pregnant women presenting with acute 
hepatitis [40].

Most chronic HBV infections are asymptomatic and pregnancy is well tolerated. Some 
patients may complain of fatigue, anorexia, and nonspecific malaise. Significant symp-
toms will develop only if the liver disease progresses. Cirrhosis, condition usually associ-
ated with amenorrhea and infertility, is relatively uncommon in the younger age group of 
pregnant women, and severe cases are fortunately rare [9, 42, 45]. The chronic hepatitis B 
is usually mild in pregnant women but may flare at the end of pregnancy or shortly after 
delivery [9].

The natural history of chronic HBV infection consists of several phases of variable duration, 
which are not necessarily sequential (Table 2) [44–46]. Pregnancy is a hormone-induced 
immune-tolerant state, and there is limited understanding of the natural history of chronic 
HBV infection during pregnancy [47]. Increased levels of adrenal corticosteroids and estro-
gen hormones during pregnancy may be responsible for an increase in HBV viral load and a 
decrease in ALT levels. A postpartum decline in HBV DNA level, associated with increased 
ALT levels and active hepatitis, requires close monitoring of the mother [9, 42].

6. Current management strategies for chronic hepatitis B in pregnancy

HBV infection during pregnancy requires management strategies for both mother and fetus/
neonate, including prevention/elimination of MTCT and lessening the HBV effects on mater-
nal and fetal health [48, 49].

Current management strategies for hepatitis B during pregnancy include antenatal maternal 
screening for HBV infection, initial assessment of mother with HBV infection (severity of liver 
disease, level of viral replication, presence of comorbidities), prophylactic HBV vaccination 
and HBIG administration to all infants born to HBV-infected mothers as soon as possible 
after birth, the use of antiviral medications for pregnant women with chronic hepatitis B, safe 
delivery practices, and strengthened maternal and child health services [8, 40, 45, 50].

Few countries have national hepatitis strategies, plans, and budgets, and as a consequence, 
the WHO recently published a 5-year global health sector strategy on viral hepatitis. This 
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includes testing algorithms, strategies for hepatitis B, diagnosis and management of acute 
hepatitis B, as well as management of advanced liver disease [8, 45].

Antenatal screening for HBV infection in all pregnant women is a well-established, evidence-
based standard of practice to prevent MTCT. Therefore, the first step is to identify all HBsAg-
positive pregnant women in the first trimester by universal screening [45].

All pregnant women who are HBsAg positive should be assessed the same way as any non-
pregnant individual: a complete history with special emphasis on risk factors for coinfection, 
physical exam and laboratory tests for assessment of liver disease activity and function, mark-
ers of HBV replication, and tests for coinfection (hepatitis C virus, hepatitis delta virus, or 
human immunodeficiency virus in those at risk) [24, 44, 48, 50].

Assessment of the severity of liver disease should include measurement of ALT, AST, alkaline 
phosphatase (ALP), gamma-glutamyl transpeptidase, total bilirubin, full blood count, serum 
albumin and globulins, prothrombin time, and an ultrasound examination. Assessment of 
the level of viral replication in chronic hepatitis B using quantification of serum HBV DNA 
and HBeAg and anti-HBe is an important step in determining the risk of MTCT and therefore 
in guiding antiviral therapy decisions and the need for surveillance [24, 44, 48, 50]. Elevated 
serum ALT and HBV DNA levels are strongly predictive of risk of liver complications [44].

According to the WHO Strategic Advisory Group of Experts, the currently recommended 
practice to reduce perinatal MTCT of HBV relies on the administration of HBV vaccine and, in 
some countries, concurrent administration of HBIG. The infants of all HBsAg-positive women 
should receive immunoprophylaxis with HBV vaccination ± HBIG. Hepatitis B vaccine and 
HBIG should be administered at different injection sites [45].

The timing of administration of the first dose of hepatitis B vaccine to infants in relation to 
birth is the most important factor in determining the efficacy of vaccination [41, 51]. As a 
result, the recommended timing of administration of the first dose of hepatitis B vaccine in 
newborns has evolved in the last decades, in order to optimize prevention of MTCT hepatitis 
B infections. The WHO recommends that all infants receive the hepatitis B vaccine as soon as 
possible after birth, within 24 h of the birth [2].

Passive immunization against hepatitis B with HBIG in conjunction with HBV vaccination 
may be of additional benefit for newborn whose mothers are HBsAg positive, particularly 
if they are also HBeAg positive [45]. According to the Centers for Disease Control, all pre-
term infants born to HBsAg-positive mothers and mothers with unknown HBsAg status must 
receive HBIG and hepatitis B vaccine within 12 h of birth [52].

Unfortunately, despite postnatal active-passive immunization of the newborns, MTCT of 
HBV still occurs, especially if the mother has very a high maternal concentration of HBV 
DNA, typically observed in HBeAg-positive women [45].

There are emerging data based on open-label nonrandomized studies which suggest that 
short-term maternal antiviral therapy used in pregnant women with stable liver disease dur-
ing the third trimester may reduce the risk of MTCT occurring during the perinatal period, by 
lowering maternal viral load prior to delivery [24, 47].
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Current guidelines of the American Association for the Study of Liver Diseases (AASLD), 
ACG, European Association for the Study of the Liver (EASL), and Asian Pacific Association 
for the Study of the Liver (APASL) suggest or recommend antiviral therapy to reduce the 
risk of perinatal transmission of hepatitis B in HBsAg-positive pregnant women with a HBV 
DNA above 200,000 IU/mL [24, 44, 48, 50]. As for the WHO current position, the Guidelines 
Development Group did not make a formal recommendation on the use of antiviral therapy 
to prevent MTCT, due to the fact that key trials are still ongoing and there is a lack of consen-
sus regarding the programmatic implications of a policy of more widespread antiviral use in 
pregnancy [45].

There are only three therapeutic antiviral agents studied and used for the treatment of 
chronic hepatitis B in pregnant women: lamivudine, telbivudine (nucleoside analogues 
(NAs)), and tenofovir disoproxil fumarate (nucleotide analogue). According to the US Food 
and Drug Administration classification of oral antiviral, based on the risk of teratogenic-
ity in preclinical evaluation, only two drugs from the nucleoside/nucleotide analogues 
(NAs) class—tenofovir and telbivudine—are classified in risk category B (no risk in ani-
mal studies, but unknown in humans), while lamivudine, entecavir, and adefovir dipivoxil 
are classified as category C drugs (teratogenic in animals, but unknown in humans) [24, 
44]. Additionally, tenofovir received category B classification based on data collected from 
human exposure [53].

Lamivudine, the first and the most studied NAs in pregnant women with chronic hepatitis B, 
is not considered an optimal choice for prevention of MTCT due to its poor antiviral activity 
and low barrier to resistance. Its administration, even for short periods, is associated with the 
selection of resistant mutants. Lamivudine reaches higher concentrations in amniotic fluid 
than in serum and has been found to be excreted in breast milk [49, 54, 55].

The results of small human pregnancy trials show that telbivudine reduces MTCT in highly 
viremic pregnant women and its use appears to be safe in late pregnancy [47].

Tenofovir is considered a preferred choice in pregnant women with chronic hepatitis B, due 
to its antiviral potency, the available safety data of use during pregnancy, and its better resis-
tance profile [44, 45].

As for other antiviral drugs, the safety of entecavir in pregnancy is not known, and interferon 
(IFN) therapy is contraindicated during pregnancy [44, 45].

Antiviral therapy was started at 28–32 weeks of gestation in most studies, and therefore NAs 
starting from 28 to 32 weeks of gestation are recommended [24, 45]. A careful examination to 
exclude maternal systemic disorder and fetal anomalies is required prior to the administra-
tion of NAs [44, 50]. For pregnant women with immune-active chronic hepatitis B, monitor-
ing therapeutic response to NAs, both serological and virological, as well as for potential 
side effects, should be based on recommendations for nonpregnant women [24, 44, 45]. 
Tenofovir therapy requires monitoring serum creatinine and serum phosphate levels every 
three months, due to potential nephrotoxicity. The risks of maternal liver disease, fetal devel-
opment, HBV MTCT, and long-term plan for treatment should be discussed with pregnant 
women [24, 50].
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Although there are no studies on the duration of NA therapy (cessation at delivery vs. after 
delivery), cessation of NA therapy (at delivery or 4–12 weeks after delivery) is recommended 
in females without ALT flares [24, 44, 45]. According to EASL guidelines, if NA therapy is given 
only for prevention of MTCT, it may be discontinued within the first 3 months after delivery 
[50]. If the anti-HBV therapy is discontinued during pregnancy or early after delivery, women 
need to be closely monitored for the risk of hepatic flares, especially after delivery [44, 50].

In certain situations, such as ALT flares detected during the treatment period, continuation 
of antiviral treatment after delivery is needed. As a result, this raises the issue of safety of 
NA therapy during breastfeeding. Due to limited data on the effect of these medications on 
infants, the safety of NA therapy during breastfeeding is considered uncertain [24, 50].

The safety of lamivudine and tenofovir during breastfeeding in HBV infection has not been 
well studied. Additionally, tenofovir and lamivudine concentrations in breast milk have been 
reported. However, due to its poor oral bioavailability, the breastfeeding infants are exposed 
to only small tenofovir concentrations [50].

According to drug labels, tenofovir disoproxil fumarate and lamivudine should not be used 
during breastfeeding. Breastfeeding is discouraged during maternal NA treatment according 
to APASL current guidelines, but in the case of ALT flares, continuation of antiviral may be 
indicated, depending on the liver disease status of mother [24]. A recent review of available 
data concluded that tenofovir and lamivudine should not be contraindicated during breast-
feeding. However, there are insufficient data based on long-term studies to establish the 
safety of infant exposure to different antiviral therapies during breastfeeding [56].

7. Conclusions

Despite advancements in the prevention, diagnosis, and treatment of HBV infection, it remains 
a serious global health issue and one of major risk factors for end-stage liver disease and 
hepatocellular carcinoma. Given that chronic hepatitis B in pregnant women is an important 
contributor worldwide to the new HBV infections, most effective and sustainable measures 
are required for prevention of MTCT. Universal screening of pregnant women for HBsAg and 
passive and active immunoprophylaxis are important tools in MTCT of HBV. The causes of 
immunoprophylaxis failure in some infants are not yet not fully understood, and, therefore, 
studies are needed in order to clarify this issue. Longitudinal cohort studies are also required 
to determine the safety of infant exposure to different NA therapies during breastfeeding.
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Abstract

Hepatitis B virus (HBV) infection is a global disease worldwide. The Asia-Pacific region 
has a high prevalence of viral hepatitis, and Taiwan is a region of high prevalence of 
chronic hepatitis B (CHB) with increasing alcoholic liver disease. We have investigated the 
prognosis and treatment of patients with concomitant hepatitis B virus (HBV) infection 
and alcoholism. The 10-year cumulative incidence of hepatocellular carcinoma (HCC) is 
much higher in patients with concomitant alcoholism and HBV infection than in those 
with alcoholism or HBV infection alone. Treatment with antiviral therapy and abstinence 
may be started in patients with decompensated cirrhosis and compensated cirrhosis with 
high HBV DNA. In pre-cirrhotic cases, treatment with antiviral therapy and abstinence 
may be started in patients with persistently elevated ALT levels and high HBV DNA, 
and significant fibrosis with minimal elevated or normal ALT levels and mild high HBV 
DNA. Treatment with antiviral therapy and abstinence reduces the incidence of HCC in 
patients with concomitant HBV infection and alcoholism. In conclusion, patients with 
concomitant HBV infection and alcoholism have high incidence of cirrhosis, HCC, and 
mortality. Treatment with antiviral therapy and abstinence may be started to reduce the 
incidence of cirrhosis, HCC, and mortality in these patients.
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1. Introduction

Hepatitis B virus (HBV) infection is a global disease, affecting approximately 350 million 
people worldwide [1]. The Asia-Pacific region has a high prevalence of viral hepatitis, and 
Taiwan is a region with high prevalence of chronic hepatitis B (CHB) [2]. It is particularly 

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



endemic in Taiwan, where the infection is usually acquired perinatally or in early child-
hood [2]. The morbidity and mortality associated with CHB are substantial in that 15% to 
approximately 40% of infected patients will develop serious sequels including persistent 
hepatitis, hepatic failure, liver cirrhosis and hepatocellular carcinoma (HCC) during their 
lifetime [2].

Alcohol-related morbidity and mortality represent a major public health issue worldwide 
[3, 4]. The United States National Institute on Alcohol Abuse and Alcoholism defines “heavy 
drinking” as consuming more than fourteen drinks per week for males and seven drinks per 
week for females. The risk threshold for developing alcohol-related liver disease is  consuming 
20–30 g of alcohol per day, and the development of cirrhosis occurs in 10–20% of those 
 consuming more than 80 g of alcohol daily [3]. The Asia-Pacific region has a high prevalence 
of viral hepatitis, and Taiwan is a region of high prevalence of chronic hepatitis B (CHB) with 
increasing alcoholic liver disease [5–7]. The affordability of alcohol and changes in life style 
and drinking behavior have the causes for the increase in cases of hospitalization for alcoholic 
liver disease [6].

In the animal model system, mice fed with ethanol have an increased serum hepatitis B 
surface antigen (HBsAg) by up to seven folds accompanied by an increased in viral DNA 
load [8]. In addition, these ethanol-fed mice have elevated expression of HBV surface, core, 
and X antigens in the liver, accompanied by an increase in HBV RNA levels. Chronic etha-
nol consumption is found to stimulate hepatitis B virus replication and gene expression 
in HBV transgenic mice [8]. Our recent study also reveals that patients with concomitant 
alcoholism and HBV infection have high percentages of hepatitis B viral load in clinics [9]. 
Moreover, the lipid composition of cellular membranes in lipid rafts is altered by alcohol 
exposure, and  alcohol exposure may thereby influences HBV infectivity [10]. Furthermore, 
alcohol can influence anti-HBV immunity, an effect involving the cellular membrane as 
well as the lipid rafts. HBV is known to interfere with the T-cell receptor (TCR) responsible 
for interacting and  recognizing foreign antigens, thereby preventing the initiation of an 
immune response. This results in a defective adaptive immune response during chronic 
HBV infection [8, 11]. Thus, alcohol can acts synergistically with HBV to limit antiviral 
immunity. Since the  adaptive immunity plays a key role in viral clearance, the conse-
quences of alcohol’s effects on the TCR of HBV infection are of high interest in the field of 
hepatology [12].

2. Epidemiology

HBV infection is a serious global health problem, with 2 billion people infected worldwide 
and 350 million suffering from chronic HBV infection. HBV infections result in 0.5–1.2 million 
deaths per year caused by chronic hepatitis, cirrhosis, and HCC. HBV-related end-stage liver 
disease or HCC is responsible for over 0.5–1 million deaths per year and currently represents 
5–10% of cases of liver transplantation. Morbidity and mortality in CHB are linked to persis-
tence of viral replication and evolution to cirrhosis and/or HCC [1, 2].
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In Taiwan, the introduction of universal vaccination of neonates in 1983–1985 has drastically 
decreased the prevalence of HBsAg in children below the age of 15 from 9.8 % in 1984 to 0.5 % 
in 2004 [13]. This is accompanied by a significant decrease in the incidence of infant fulminant 
hepatitis associated with chronic liver disease, mortality, and HCC [14, 15].

Alcohol is abused by more than 18 million adults in the United States. A daily consumption 
of alcohol exceeding 80 g for more than 10 years increases the risk for HCC by fivefold, while 
daily consumption of alcohol below 80 g is not significantly associated with an increased risk 
for HCC [3, 4]. The risk for HCC in decompensated alcoholic cirrhosis is close to 1% per year 
[3, 4]. Alcohol consumption is one of the top five causes of disease and disability in almost all 
European countries [16]. In the United States, about 50% of liver-related death is attributed by 
alcohol consumption, accounting for $3 billion annually loss, and is the third leading cause of 
preventable deaths in the U.S. [17]. It is estimated that alcohol is responsible for 5.9% of global 
mortality worldwide [18] and 2.5 million deaths per annual [19, 20].

3. Prognosis

Based on a large nationwide Risk Evaluation of Viral Load Elevation and Associated Liver 
Disease/Cancer-Hepatitis B Virus (REVEAL-HBV) study performed in Taiwan for CHB 
without alcoholism, detectable serum HBV DNA at study entry is demonstrated to be a sig-
nificant risk predictor of HCC in HBV patients [21–23]. Those with detectable HBsAg are at 
5- to 98-fold higher risk of developing HCC [24]. The seropositivity for HBeAg is also found 
associated with an increase in risk for HCC [25]. Compared to those who are seronega-
tive for HBsAg and HBeAg, the hazard ratio (HR) of developing HCC is about 10 and 60, 
respectively, for individuals with seropositivity for HBsAg and both HBsAg and HBeAg [25, 
26]. The serum level of HBV DNA is therefore a strong risk predictor of HCC [21], and it is 
also an important and independent risk factor for disease progression prognosis (including 
cirrhosis, risk of death, metastasis, and recurrence following surgery) in chronic hepatitis 
B [22]. Alcohol has a synergistic effect in increasing the risk of HCC incidence in HBsAg-
positive men [27].

In one of our study, 966 cirrhotic patients in Taiwan, consisting of 632 patients with HBV 
 infection, 132 patients with HBV infection and alcoholism, and 202 patients with alcoholism, 
are evaluated for HCC development [6]. We show that 15.8, 28.8 and 10.4% of the patients 
with HBV infection alone, concomitant HBV infection and alcoholism, and alcoholism 
alone,  respectively, are found to have newly developed HCC after a period of 10 years of 
follow-up. The 1-, 3-, 5-, and 10-year cumulative incidence of HCC is 1.2, 9.4, 18.4, and 39.8%, 
respectively, for patients with HBV infection alone; 3.1, 28.7, 36.8, and 52.8%, respectively, 
for patients with concomitant HBV infection and alcoholism; and 1.1, 6.1, 10.7, and 25.6%, 
respectively, for patients with alcoholism alone (Figure 1). The 10-year cumulative incidence 
of HCC is much higher in patients with concomitant alcoholism and HBV infection than in those 
with  alcoholism alone or HBV infection alone (52.8% vs. 25.6% vs. 39.8%, p < 0.001). The mean 
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follow-up period is 2.9, 5.2, and 3.9 years for patients with concomitant HBV infection and 
 alcoholism, alcoholism alone, and HBV infection alone, respectively. The annual incidence 
of HCC is 9.9, 2.1, and 4.1%, respectively, for patients with concomitant HBV infection and 
 alcoholism, alcoholism alone, and HBV infection alone. Our findings reveal that heavy 
 alcohol consumption significantly increases the risk of developing HCC in HBV-related 
cirrhotic patients [6].

The baseline serum HBV DNA level, antiviral nucleos(t)ide analogues [NA(s)] therapy, serum 
α-fetoprotein, daily amount of alcohol intake, and years of alcohol intake are also found to 
be significantly associated with the incidence of HCC by univariate analyses. In multivari-
ate logistic regression analyses, antiviral NUCs therapy (OR = 0.01) and baseline high serum 
HBV DNA levels (OR = 16.8) are significantly linked to a reduction in the incidence of HCC. 
In addition, the cumulative incidence of HCC during the follow-up period is significantly 
higher in patients with higher baseline serum HBV DNA levels than those with lower base-
line serum HBV DNA levels. Alcoholic cirrhotic patients with higher serum HBV DNA levels 
have higher incidence of HCC than those with lower serum HBV DNA levels, and increasing 
HBV DNA levels precipitates the progression of liver cirrhosis to HCC [6].

Figure  1. Cirrhotic patients with concomitant HBV infection and alcoholism have higher cumulative incidence of HCC 
than those with alcoholism alone or HVB infection alone.
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In another case-control and hospital-based study conducted in Italy, the relative risks of HCC 
for HBsAg and heavy alcohol intake are 11.4 and 4.6, respectively [28]. Positive synergisms 
between HBsAg positivity and heavy alcohol intake are reported, suggesting a stronger addi-
tive effect of viral infections and alcohol drinking on the risk of HCC. On the basis of popula-
tion attributable risks (AR), heavy alcohol intake seems to be the single most relevant cause 
of HCC in this area (AR: 45%) followed by HBV (AR: 22%) infection [28]. Similarly, another 
study by Sagnelli and colleagues has demonstrates that alcohol abuse can increase the risk of 
hepatitis B infection progressing to liver cirrhosis by threefold [29].

Furthermore, in another hospital-based, case-control study carried out in USA, the ORs for 
HCC based on multivariate analysis are 12.6, 4.5, and 4.3, respectively, for patients with 
HBsAg, heavy alcohol consumption (daily consumption of more than 80 mL of alcohol), and 
diabetes mellitus. Based on the additive model, synergistic interactions are observed between 
heavy alcohol consumption and diabetes mellitus (OR, 9.9) and chronic hepatitis virus infec-
tion (OR, 53.9). The significant synergy observed between heavy alcohol consumption, hepa-
titis virus infection, and diabetes mellitus may suggest the presence of a common pathway for 
hepatocarcinogenesis [30].

In another Taiwanese men prospective and community-based study carried out in the 
REVEAL-HBV study cohort over a period of 14 years, 20% of the patients are reported to be 
alcohol users [27]. Based on analyses adjusted for multivariable, alcohol abuse and extreme 
obesity (BMI ≥30 kg/m2) have synergistic effects on the risk of incident HCC (HR, 3.40). 
Obesity and alcohol are also reported to have synergistic effects in increasing risk of incident 
HCC in HBsAg-positive men [27]. It is therefore concluded that lifestyle interventions might 
significantly reduce the incidence of HCC [27].

4. Treatment in patients with concomitant HBV infection and alcoholism

Antiviral therapies including lamivudine, adefovir dipivoxil, entecavir, telbivudine, tenofovir, 
and Peg-interferon have been widely prescribed for the treatment of HBV-related liver diseases 
worldwide [14, 31, 32]. Several large population-based and international studies have reveal that 
antiviral therapy could reduce the incidence of hepatic failure, cirrhosis, HCC, and mortality in 
CHB patients without alcoholism [33–40].

In patients with concomitant HBV infection and alcoholism, the prescription of both antiviral 
therapy and abstinence is important for the treatment of disease progression. Oral NA(s) can 
reduce the disease progression for HBV infection-induced liver diseases. Abstinence is one of 
the most important therapies for patients with alcohol-induced liver diseases [41]. In addi-
tion, abstinence has been shown to improve the histological features of hepatic injury and 
reduce the outcome of disease progression to cirrhosis, HCC, and mortality in patients with 
alcoholic liver diseases [5, 6, 41–45].

The indications of treatment for patients with concomitant HBV infection and alcoholism 
are based on three criteria: severity of liver disease, serum HBV DNA levels, and serum ALT 
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Alcoholic patients with 
HBsAg positive

HBV DNA (IU/mL) ALT Treatment

Decompensated cirrhosis Detectable Any Treat with NA(s) and 
abstinence

Compensated cirrhosis >2000 Any Treat NA(s) and abstinence

Severe reactivation of  
chronic HBV

Detectable Elevated Treat with NA(s) or Peg-
interferon and abstinence 
immediately

Non-cirrhotic HBeAg-
positive chronic hepatitis B

>20,000 >2× ULN Observation for 3 months. 
Treat with NA(s) or Peg-
interferon and abstinence

1–2× ULN Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis

Persistently normal Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis

2000–20,000 Any ALT Monitor every 3 months. 
Assess fibrosis noninvasively. 
Monitor every 3 months
Treat with NA(s) and 
abstinence if noninvasive 
tests suggest evidence of 
significant fibrosis.

<2000 <ULN Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis

>ULN Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis

Undetectable Any ALT Treat with abstinence

Non-cirrhotic HBeAg-
negative chronic hepatitis B

>2000 >2× ULN Observation for 3 months. 
Treat with NA(s) or Peg-
interferon and abstinence

1–2× ULN Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis
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levels [14]. The treatment in patients with concomitant HBV infection and alcoholism is sum-
marized in Table 1.

4.1. In cirrhotic patients or patient with severe HBV reactivation with concomitant HBV 
infection and alcoholism

1. Alcoholic cirrhotic patients with decompensated cirrhosis and detectable HBV DNA 
require urgent antiviral treatment with NA(s) and abstinence [46, 47].

2. Alcoholic cirrhotic patients with compensated cirrhosis and HBV DNA >2000 IU/mL 
should be treated with NA(s) and abstinence.

3. Alcoholic patients with severe reactivation of HBV infection (the presence of high ALT, 
high bilirubin, INR more than 1.5 with impending or overt hepatic decompensation, and 
detectable HBV DNA) should be treated immediately with NA(s) and abstinence to pre-
vent the development or deterioration of hepatic decompensation.

4.2. In pre-cirrhotic patients with concomitant HBV infection and alcoholism

1. Patient have persistently elevated ALT levels >2 times the upper limit of normal (ULN) 
(at least 3 months between observations) and HBV DNA >20,000 IU/mL if HBeAg posi-
tive and >2000 IU/mL if HBeAg negative. Treatment with antiviral therapy [NA(s) or 
Peg-interferon] and abstinence may be started. A noninvasive method for the estimation 
of the extent fibrosis is useful in such patients. Antiviral therapy and abstinence prevent 
further progression of fibrosis and other complications of liver disease.

2. Patients have minimally elevated or normal ALT levels (at least 3 months between 
 observations) and HBV DNA >20,000 IU/mL if HBeAg positive and >2000 IU/mL if 
HBeAg negative, and a noninvasive method shows the presence of a significant  fibrosis. 

Alcoholic patients with 
HBsAg positive

HBV DNA (IU/mL) ALT Treatment

Persistently normal Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis

<2000 >ULN Monitor every 3 months
Treat with NA(s) or Peg-
interferon and abstinence 
if noninvasive tests suggest 
significant fibrosis

Undetectable Any Treat with abstinence

Table 1. Treatment indications for patients with concomitant HBV infection and alcoholism.

Treatment and Prognosis of Hepatitis B Virus Concomitant with Alcoholism
http://dx.doi.org/10.5772/66981

211



Treatment with antiviral therapy [NA(s) or Peg-interferon] and abstinence may be 
started. Antiviral therapy and abstinence prevent further progression of fibrosis and 
other complications of liver disease.

3. Patients have persistently elevated, minimally elevated, or normal ALT levels or HBV 
DNA <20,000 IU/mL if HBeAg positive and <2000 IU/mL if HBeAg negative, and 
a  noninvasive method shows the presence of a significant fibrosis. Treatment with 
 antiviral therapy [NA(s) or Peg-interferon] and abstinence may be started. NA(s) and 
abstinence prevent further progression of fibrosis and other complications of liver 
disease.

4. Patients have normal or elevated ALT levels and undetectable HBV DNA. Treatment 
with abstinence may be started. Abstinence prevents further progression of fibrosis and 
other complications of liver disease.

Our previous study shows that oral antiviral therapy significantly reduces the incidence of 
HCC in alcoholic cirrhotic patients with concomitant HBV infection (Figure 2) [6]. Therefore, 
aggressive NA(s) therapy should be considered in patients with alcoholic cirrhosis and detect-
able serum HBV DNA, in order to reduce the incidence of HCC [6].

Figure 2. The cumulative incidence of HCC in cirrhotic patients with concomitant alcoholism and HBV infection is 
significantly reduced in patients receiving oral antiviral therapy.
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5. Conclusion

Patients with concomitant HBV infection and alcoholism have high incidence of cirrhosis, 
HCC, and mortality. Treatment with antiviral therapy and abstinence may be started with 
the aim to reduce the incidence of cirrhosis, HCC, and mortality in patients with concomitant 
HBV infection and alcoholism.
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Abstract

The prevalence of chronic hepatitis B and C virus infection has declined among the
dialysis population during the past decades. However, it still comprises a major health
problem  with  high  morbidity  and  mortality.  Renal  transplantation  is  the  optimal
treatment for patients with end‐stage renal disease and hepatitis B or C, although it is
associated to lower patient and allograft survival compared to seronegative kidney
recipients. Novel therapeutic strategies with the use of new antiviral agents, especially
direct‐acting antiviral  agents in hepatitis  C,  have significantly changed the natural
history of both hepatitis B and C not only in the general population but also in renal‐
transplant recipients. We believe that future research should focus on the impact of new
antiviral medications in this specific subset of patients.

Keywords: hepatitis B, hepatitis C, transplantation, direct‐acting antiviral agents

1. Introduction

Though the prevalence of both hepatitis B and C is decreasing at least in developed countries,
it still ranges from 0.1 to 20% for hepatitis B and from 2.5 to 13% for hepatitis C. General hygiene
measures as well as specific measures in dialysis units and vaccination programs contributed
to the reduction of hepatitis B and C prevalence in the dialysis population. However, hepatitis
B and C seropositivity still remain an important clinical problem in this patient population
associated with a high risk of morbidity and mortality. Although kidney transplantation is the
treatment of choice for hepatitis B‐ and C‐infected dialysis patients, morbidity and mortality
are worse compared to seronegative patients. Major causes of death are liver cirrhosis and
hepatocellular carcinoma.
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This review focuses on pretransplant and posttransplant evaluation of prospective donors and
recipients emphasizing the optimal use of grafts from hepatitis B‐ or C‐seropositive donors
and the impact of hepatitis B or C infection in patient and allograft survival. Additionally, it
focuses on the role of novel antiviral agents.

2. Kidney transplantation and hepatitis B virus infection

2.1. Epidemiology

The human hepatitis B virus (HBV) is a small enveloped DNA virus causing acute and chronic
hepatitis. Although a safe and effective vaccine has been developed and it has been available
for the last two decades, HBV infection still represents a major global health problem. It is
estimated that approximately 30% of the world's population has had contact with or are
carriers of the HBV. An estimated 350 million of them are HBV carriers [1]. Around one million
persons die of HBV‐related causes annually. HBV prevalence varies from 0.1% in Western
Europe, United States, Canada, Australia, and New Zealand, up to 20% in southern Asia,
China, and sub‐Saharan Africa. Intermediate prevalence (3–5%) is the Mediterranean coun‐
tries, Japan, Central Asia, the Middle East, and South America. Acute infection occasionally
results in fulminant hepatitis, but more importantly can progress to a chronic state, with
decompensation, cirrhosis, and hepatocellular carcinoma being the most serious complica‐
tions. The progression rate is approximately 90% for an infection acquired perinatally, and
decreases to 5% for infections acquired during adulthood [2].

Hemodialysis (HD) patients are at an increased risk of acquiring HBV. Reasons include
increased exposure to blood products, shared hemodialysis (HD) equipment, breaching of
skin, and immunodeficiency. Hemodialysis, which requires access to the bloodstream, also
may favor transmission of HBV between patients, and between patients and staff.

The prevalence of hepatitis B virus infection in hemodialysis patients has significantly
decreased over the past few years. This is due to the implementation of effective prevention
measures, such as general hygiene rules, separation during hemodialysis, and hepatitis B
vaccination. The most important measure to prevent HBV infection is immunization against
the virus. Chronic dialysis patients should receive vaccination against hepatitis B. Ideally,
patients with chronic kidney disease (CKD) should receive vaccination against hepatitis B at
earlier stages of the disease, before starting dialysis, since vaccine immunogenicity is low in
dialysis patients (70%) compared to 90% in the general population. Intensified vaccination
protocols have been used in hemodialysis patients with good responses. The presence of an
adequate hepatitis B antibody (anti‐HBs) titer should be checked annually. If the antibody titer
is lower than 10 IU/ml, a booster dose of the vaccine should be administrated [3].

Although rates of new infection are decreasing [4], hepatitis B still remains a problem in
dialysis populations. According to data from the United States Renal Data System (USRDS) in
2002, 1% of dialysis patients were seropositive for HBsAg [3]. A registry study of Asia‐Pacific
countries found the prevalence of hepatitis B surface antigen (HBsAg) positivity ranging from
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1.3 to 14.6% [5]. Despite the decrease of HBsAg prevalence in dialysis patients, 350 million
people worldwide are chronic HBV carriers and a large number of them will need transplan‐
tation in the future [6].

Hepatitis B virus–infected patients are at risk of exacerbation of the infection, progressive liver
disease, and development of hepatocellular carcinoma after kidney transplantation. Renal
transplantation offers higher survival and better quality of life compared to hemodialysis,
which also applies to HBV patients, providing that they are receiving antiviral prophylaxis,
since it is easier to prevent than treat HBV reactivation [7].

2.2. Evaluation of HBV‐infected dialysis patients before transplantation

All dialysis patients should be checked routinely for HBsAg and when indicated with HBV
DNA. HBV infected kidney transplant candidates should be tested for hepatitis B e antigen
(HBeAg) and serum HBV DNA prior to transplantation. Patients who are HBeAg positive or
have high levels of HBV DNA should receive antiviral treatment before transplantation with
one of the available agents (lamivudine (LAM), entecavir (ETV), adefovir, tenofovir, and
telbivudine (LdT)) until HBeAg becomes negative and viral replication is suppressed.

According to the Kidney Disease Improving Global Outcomes (KDIGO) guidelines, it is
recommended that a liver biopsy is performed in HBsAg‐positive hemodialysis patients on
the waiting list for transplantation in order to evaluate liver disease status. If there is ongoing
viral activity, candidates should repeat liver biopsy every 3–5 years [8]. Noninvasive testing
for liver stiffness as fibroscan (elastography), which tends to replace liver biopsy in the general
population, has not yet been validated neither in HBV‐positive patients nor in patients on
hemodialysis or after transplantation [9]. So, liver biopsy while on the waiting list still remains
the “gold standard” for kidney transplant candidates.

Liver cirrhosis has for long been considered as an absolute contraindication for kidney
transplantation alone; combined liver kidney transplantation is the treatment of choice in these
patients. However, with the use of new nucleos(t)ide analogs, some dialysis patients with
compensated cirrhosis achieve sustained viral response (SVR). If a follow‐up biopsy after 12
months reveals partial reversibility of cirrhosis, those patients can be after that included in the
waiting list and undergo kidney transplantation alone. This has been reported for HBV‐ and
hepatitis C virus (HCV)‐positive patients after SVR with the new antivirals [10].

HBsAg‐positive renal transplant candidates should start antiviral treatment immediately after
transplantation, regardless of the HBV DNA status or the findings of liver histology, due to
the risk of severe reactivation, fibrosing cholestatic hepatitis, and rapid histological deteriora‐
tion after the induction of immunosuppression.

2.3. Transmission of HBV infection from the donor

Besides HBV reactivation, HBV may be transmitted from the donor to the recipient. Renal
transplantation from HBsAg‐positive donors to HBV‐naïve recipients is not recommended
because it carries a significant risk of de novo infection, most often with an aggressive course
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[11]. On the other hand, as shown by Jiang et al., allografts from HBsAg‐positive donors can
safely be transplanted into HBsAg‐negative recipients with natural or acquired immunity
(anti‐HBs positive, titer above 10 IU/ml), with concurrent administration of hepatitis B
hyperimmune globulin (HBIG) with or without booster vaccination [12]. In such cases,
although the risk of transmission is relatively low, it is mandatory to inform patients and to
obtain written consent in order to proceed with kidney transplantation. In a study by Singh et
al., the successful procedure was described in 104 anti‐HBs–positive recipients [13]. Prevention
strategies included booster vaccination and concomitant administration of HBIG in combina‐
tion with antiviral agents while vaccination alone was used in 27 patients.

In our center, we perform kidney transplantations from HBsAg‐positive donors to HBsAg
negative/HBsAb positive, that is, immunized either from past infection or from vaccination
recipients. Those transplantations are performed only if the antibody titer of the recipient,
measured immediately before transplantation, is at least 10 IU/ml and with concomitant
administration of one dose of booster vaccination in combination with hepatitis B hyperim‐
mune globulin(HBIG) while most of the recipients are started on antiviral prophylaxis
postoperatively. The need and the duration of antiviral treatment in this patient population
have not been investigated; moreover, data about monitoring long term are lacking. It seems
logical to assume that antibody titer should be checked and booster vaccination should be
administered when the titer falls below 10 IU/ml, since transplant recipients receiving
immunosuppression are at risk for viral reactivation—if it has been transmitted from the donor
—for long. However, to the best of our knowledge, current evidence is so sparse that only
suggestions can be made.

Another issue regarding donor to recipient HBV transmission is that there is a very low but
substantial risk of HBV transmission from HBsAg‐negative, anti‐HBc‐positive, anti‐HBs–
negative donors to HBV‐naïve recipients. In a recent review of 1385 HBsAg‐negative kidney
recipients from anti‐HBc–positive donors, seroconversion to HbsAg positivity occurred in
0.28% (4/1385) and to anti‐HBc positivity in 2.3% (32/1385) [14–16]. Ideally, those donors should
be checked for anti‐HBc IgM presence, indicating a more recent infection rather than ineffective
immune response. Unfortunately, in the case of transplantation from deceased donors, this is
impossible, due to the shortness of time. Given the organ shortage and the survival advantage
of transplantation over remaining on hemodialysis, kidney transplantation could be consid‐
ered in these cases too, since the risk for transmission is even lower than from HBsAg‐positive
donors. Again without data supporting the evidence, one may suggest that, in this case too,
transplant candidates should be immunized and receive prophylaxis with booster vaccination
and HBIG administration, while antiviral prophylaxis may not be indicated in this setting.

2.4. Outcome of HBV‐infected patients after kidney transplantation

HBV‐infected renal allograft recipients have worse survival compared to their seronegative
counterparts. A meta‐analysis of six observational studies, which included 6050 HBsAg‐
positive patients after kidney transplantation, showed that the relative risk of death and graft
loss were 2.49 and 1.44, respectively [17].
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The widespread use of antiviral agents since 1986 has significantly improved survival of HBV‐
infected kidney transplant recipients. In a small study from Italy, 42 HbsAg‐positive patients
who have been transplanted between 1976 and 1982 had a 12‐year survival rate of 67% [18]. In
a more recent study from Hong Kong, a 10‐year survival of 63 HbsAg‐positive renal transplant
recipients who were treated with nucleoside/nucleotide analogs reached 81% [19]. However,
liver failure remains the leading cause of death in this patient population. HBsAg‐seropositive
recipients who are HBeAg‐negative have undetectable viral load, and for mild changes in liver
biopsy they should receive preventive antiviral therapy immediately posttransplantation, in
order to avoid viral reactivation due to immunosuppressive therapy. The only study that
evaluated serial biopsies after kidney transplantation found histological deterioration in 85%
of HBsAg‐positive patients. No patient had cirrhosis before kidney transplantation while 28%
of them had biopsy‐proven liver cirrhosis after transplantation. Among those with cirrhosis,
hepatocellular carcinoma was found in 23% [20].

2.5. Antiviral agents

The goal of treatment is suppression of viral replication and prevention of hepatic fibrosis,
while minimizing resistance to the drugs. HBV DNA levels need to be measured systematically
to assess response to therapy, because of the poor likelihood of seroconversion to anti‐HBs and
because of low reliability of alanine aminotransferase (ALT) as a marker of liver disease activity.

Treatment must be initiated before or immediately after transplantation. In a study of 15
patients, seven were started on lamivudine at the time of kidney transplantation. All patients
had normal transaminase levels preoperatively. Half of those who were not treated initially
showed transaminase elevations in the first year of follow‐up requiring lamivudine therapy
at that time. By contrast, all seven individuals who had received lamivudine at the time of
transplantation remained negative for HBV DNA throughout the follow‐up [21].

Currently, there are several medications available for the treatment of hepatitis B: interferon
alfa‐2b, pegylated interferon (PEG‐INF) alfa 2a, and the nucleos(t)ide analogs lamivudine,
adefovir, tenofovir, telbivudine, and entecavir.

2.5.1. Interferon and PEG‐INF

In the current era of potent antiviral drugs as nucleoside analogs, the use of interferon‐α (IFN)
and PEG‐IFN after transplantation is not recommended anymore. IFN‐α has known immu‐
nomodulatory effects and its use in case series of kidney transplant recipients in the past has
been associated with increased rates of graft loss due to rejection and with relapse rates
approaching 80% after therapy discontinuation [22].

2.5.2. Lamivudine (LAM)

Lamivudine is a cytosine analog that inhibits HBV reverse transcriptase. The prophylactic use
of lamivudine posttransplantation has proven efficacy long term. Since LAM was the first
nucleoside analog approved for clinical use, most of the available data on the management of
HBsAg‐positive renal transplant recipients are with this agent. A meta‐analysis of 14 clinical
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studies, which included 184 patients, showed that LAM administration results in undetectable
viral load in 91% and a normalization of alanine aminotransferase (ALT) in 81% of patients,
for a prolonged period of time [23]. Lamivudine has for long been the cornerstone of therapy
in HBV‐infected kidney transplant recipients and has increased survival rates. HBsAg‐positive
kidney recipients treated with lamivudine reached 10‐year survival rates of 81%, comparable
to HBsAg‐negative patients [24].

Since it is eliminated by the kidney, its dose should be adapted to renal function: recommended
dose is 100 mg/day in patients with estimated glomerular filtration rate (eGFR) >50 ml/min
and 100 mg every other day in patients with less‐preserved renal function.

The major problem with prolonged lamivudine treatment is the development of resistance.
The presentation of the resistance varies. Some patients show only reappearance of serum HBA
DNA, while others present with elevated liver enzymes. In most cases, resistance occurs due
to a mutation in the tyrosine‐methionine‐aspartate‐aspartate (YMDD) locus of the HBV DNA
polymerase [25].

In a series of studies, the rates of lamivudine resistance vary from 20 up to 60% [26, 27]. In a
study of 29 renal transplant recipients, after a mean follow‐up of 69 months, 14 patients (48%)
developed lamivudine resistance. Among them, 79% presented with a hepatitis flare. The
YMDD mutation was found in all cases of resistance [25]. A meta‐analysis of 2004 showed that
increased duration of lamivudine therapy was positively associated with lamivudine resist‐
ance [22].

Patients with lamivudine resistance should be treated with adefovir, tenofovir, entecavir, or
telbivudine.

2.5.3. Tenofovir disoproxil fumarate (TDF)

Tenofovir disoproxil fumarate (TDF) is a nucleotide analog and a potent inhibitor of human
immunodeficiency virus type 1 reverse transcriptase and hepatitis B virus polymerase.
Tenofovir is a potent antiviral agent for treatment‐naïve patients and for patients with
lamivudine resistance [28, 29]. Data for patients who have undergone kidney transplantation
are limited and there are concerns for the development of kidney injury. Daude et al. conducted
a study, which showed effective suppression of viral replication after 12 months of follow‐up
and preservation of stable kidney function in seven hepatitis B virus‐positive solid‐organ
transplant recipients, with three renal‐transplant recipients among them [30]. In a study of
patients from the general population with HBV infection, tenofovir was effective in lamivu‐
dine‐resistant cases, and did not induce resistance after up to 48 months of treatment [31].

2.5.4. Telbivudine (LdT)

Telbivudine is not effective in kidney transplant recipients with lamivudine‐resistant HBV,
because it shows cross‐resistance to lamivudine and entecavir, since the virus develops the
same mutations for both medications. Data about the use of telbivudine in renal transplanta‐
tion are lacking.
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2.5.5. Entecavir (ETV)

Entecavir, a guanosine analog, is 30 times more potent than lamivudine in suppressing viral
replication and nowadays it is used as first‐line prophylactic treatment in renal transplant
recipients. This drug has a high antiviral potency, a high genetic barrier for resistance, and a
good safety profile. There is sufficient evidence that it can effectively clear the viral load for a
prolonged period. A recent prospective study included 27 renal transplant recipients, 18 (67%)
were treatment naïve and 9 (33%) had been previously treated with LAM but had no resistant
mutations. Entecavir cleared HBV DNA in 70, 74, 96, and 100% of patients after 12, 24, 52, and
104 weeks, respectively. Furthermore, entecavir reached higher rates of undetectable HBV
DNA compared to lamivudine (32, 37, 63, and 63% at 12, 24, 52, and 104 weeks, respectively;
P < 0.005) [32]. However, in patients with lamivudine‐resistant HBV, complete response to
entecavir can be delayed for more than 6 weeks, or not be achieved at all. The use of entecavir
in renal transplant recipients who had developed lamivudine—or adefovir—resistance has
been examined in a small study of 10 solid‐organ‐transplant recipients, with 8 kidney‐allograft
recipients among them, who were treated with entecavir for 16.5 months. There was a
significant decrease in HBV DNA viral load (50%) without any significant adverse events [33].
Resistance to entecavir has not been documented in renal transplant recipients. In the general
population, the rate of entecavir resistance is minimal (1.2%) in treatment‐naïve patient after
5 years of therapy. However, in lamivudine‐resistant patients, the probability of entecavir
resistance at years 1–5 rises from 6 to 15, 36, 46, and 51%, respectively [34].

2.5.6. Adefovir dipivoxil (ADV)

Adefovir is an acyclic nucleotide adenosine analog. Adefovir is effective as monotherapy or
in combination with entecavir in the general population with HBV infection and lamivudine
resistance [35–38]. The problem with this agent is that it is potentially nephrotoxic. Studies in
human immunodeficiency virus (HIV) patients show that high daily doses of adefovir (60–120
mg) may cause renal tubular injury. The drug is mainly used in lamivudine‐resistant HBV
cases [39]. Fontaine et al. studied the efficacy of adefovir as monotherapy at 11 renal‐transplant
recipients with lamivudine resistance. After 12 months, a satisfactory decline in serum HBV
DNA and an absence of hepatitis flares were observed. Importantly, there were no significant
clinical and laboratory adverse events [35]. In another study of 11 renal‐transplant recipients
with lamivudine resistance, adefovir was given at very low doses (10–2.5 mg/day) and it
showed good efficacy, without nephrotoxicity [38]. In another study, evidence of nephrotox‐
icity implementing treatment discontinuation despite dosage adjustment was observed in 29%
of patients [39].

2.6. Treatment duration

In the general population, the duration of treatment depends on the HBeAg status. HBeAg‐
positive patients should be treated until HBV DNA and HBeAg are cleared and anti‐HBe
seroconversion occurs. Additional treatment is needed for at least 6–12 months after anti‐HBe
seroconversion to prevent virological reactivation. Patients without HbeAg should be treated
until HBsAg clearance. The duration of antiviral therapy for renal transplant recipients
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remains unclear, because outcomes after nucleos(t)ide analogs withdrawal in immunosup‐
pressed patients allograft recipients are unknown.

One small retrospective study [40] evaluated the course of 6 out of 14 HBsAg(+) kidney‐
transplant recipients, in whom antiviral treatment had been discontinued after a median of 14
months. All of the six patients in whom antiviral agents had been discontinued were on stable,
low‐dose maintenance immunosuppression with undetectable HBV DNA and serological
negativity for HBeAg. In four out of the six patients (67%), antiviral withdrawal was successful,
without any sign of reactivation after a median follow‐up of 60 months. In the remaining two
patients, who had reactivated HBV, antiviral therapy was reintroduced immediately, with
subsequent HBV clearance. Though the number of patients is indeed small, the study provides
promising results for future investigation.

In the absence of robust data, we can suggest that antiviral treatment after kidney transplan‐
tation may be discontinued only in a subset of carefully selected patients who meet the
following criteria: stable renal function and low immunological risk for rejection, low‐dose
maintenance immunosuppression for at least 6–9 months, no serological or biochemical
evidence for HBV activity and previous antiviral treatment without resistance to any antiviral
agent for at least 12 months. Close monitoring of HBV DNA every 3–6 months is essential,
while antivirals should be reintroduced whenever immunosuppression must be intensified,
that is, in the case of anti‐rejection treatment.

2.7. Reactivation of HBV after renal transplantation: the role of immunosuppression

Immunosuppression is associated with hepatitis B virus reactivation not only in HBsAg‐
positive recipients but also in patients seropositive for anti‐HBc/anti‐HBs, usually in low titers,
that is, past infection (reverse seroconversion) [41].

The majority of data come from studies in HBV patients treated for solid‐organ or hemato‐
logical malignancies [41, 42].

The main factors associated with HBV reactivation posttransplantation are the immunocom‐
petence of the recipient, the total amount of immunosuppression, and finally the characteristics
of the virus.

The status of immunosuppression changes the interaction between the HBV virus and the host,
leading to potentially severe liver injury. Liver damage in the setting of immunosuppression
may occur through two different mechanisms. The first mechanism is direct hepatotoxicity
after the introduction of immunosuppression due to uncontrolled viral replication as a
consequence of reduced immunosurveillance of the host. The second mechanism involves
indirect, immune‐mediated liver damage occurring after cessation of immunosuppression,
during immune reconstitution. The second mechanism has been described in patients with
solid‐organ or hematologic malignancies even up to 6–12 months after completion of chemo‐
therapy [43].

Since renal transplant recipients receive lifelong immunosuppression, hepatotoxicity in this
setting may mostly be attributable to the first mechanism with the highest risk for viral
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reactivation being during the induction period, when the total amount of immunosuppression
is high or whenever immunosuppression is intensified after that, as, for example, during anti‐
rejection treatment.

2.8. Immunosuppressive agents

Corticosteroids (CSs), calcineurin inhibitors (CNIs) (cyclosporine and tacrolimus), antimeta‐
bolites (mycophenolate mofetil (MMF) or mycophenolic sodium and azathioprine), and
mammalian target of rapamycin (mTOR) inhibitors (sirolimus and everolimus) are the main
immunosuppressants used in various combinations in kidney transplantation. Monoclonal
antibodies (Rituximab, anti‐IL2 Basiliximab) and polyclonal antibodies as antithymocyte
globulin (ATG) are also part of the immunosuppressive regimen used for the induction or for
the treatment of rejection. All of them are implicated in alterations of viral replication, mostly
by inducing increased viral replication and enhance the risk of HBV reactivation. The risk of
HBV reactivation according to specific immunosuppressive drug classes has been estimated
by the American Gastroenterological Association (AGA) [44].

2.8.1. Rituximab

According to the AGA guidelines, Rituximab has the highest risk estimate of HBV reactivation
(high >10%) from all immunosuppressants used in kidney transplantation. Moreover, the risk
of HBV reactivation may persist up to 12 months, since the antibody has a prolonged phase of
immune reconstitution.

Rituximab administration has been associated with HBV reactivation not only in HBsAg‐
positive but also in anti‐HBc–positive and anti‐HBs–positive patients (reverse seroconversion).
In a prospective study of 314 HBsAg‐negative patients with B‐cell lymphoma treated with
Rituximab, 16.2% were HBV carriers. All of them were anti‐HBc positive, whereas half of them
were also anti‐HBs positive. Virus reactivation occurred in 12% of patients. HBV DNA
clearance with the use of entecavir permitted readministration of Rituximab [45].

2.8.2. Polyclonal antibodies (antithymocyte globulin, ATG)

Increased viral replication following ATG administration has been described for herpes
viruses, Epstein‐Barr virus (EBV), and, to a lesser degree, cytomegalovirus (CMV). In those
cases, ATG has been administered to patients with severe aplastic anemia concomitantly with
cyclosporine [46]. Data about HBV reactivation after treatment with ATG are lacking.

2.8.3. Corticosteroids (CS)

Corticosteroids are the oldest and commonest immunosuppressants worldwide. Its use is
undoubtedly associated with increased viral replication. Since they are used in many dosages,
the risk of HBV reactivation depends on the dose and duration of CS administration. High
corticosteroid doses increase viral replication, while ALT may be decreased. The opposite is
observed during steroid tapering with elevated aminotransferases 4–6 weeks after steroid
discontinuation [40]. According to the AGA guidelines, high CS doses (up to 20 mg/d of
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prednisone) and/or prolonged (>3 months) administration are considered as high risk for HBV
reactivation while rapid tapering may also increase the risk for viral reactivation due to
immune reconstitution.

In kidney transplantation, high CS doses are administered during the first weeks post
transplantation; thereafter, they are tapered during a period of 3–6 months to a maintenance
dose of 5 mg of prednisone daily or every other day. In stable, low‐immunological risk patients
they may be avoided completely (steroid‐avoidance protocols) or they may be withdrawn after
4–6 weeks or even later (steroid‐withdrawal protocols) with excellent outcomes. High CS
doses, including intravenous pulses of methylprednisolone up to 500 mg/d, are used for the
treatment of acute rejection.

In HBV kidney transplant recipients, steroids must be used at the lowest possible doses and
preferably be discontinued or even completely avoided in patients with low immunological
risk.

2.8.4. Calcineurin inhibitors

Calcineurin inhibitors are still the cornerstone of immunosuppression in kidney transplanta‐
tion. It has been shown that cyclosporine reduces viral replication in vitro. Nowadays, most
immunosuppressive regimens are tacrolimus based. Although there are no definite conclu‐
sions or guidelines, some suggest that cyclosporine may be preferable to Tacrolimus in HBV
kidney transplant recipients. Nevertheless, since there are no definite conclusions, the choice
of one of the two calcineurin inhibitors depends on the center's practice. Some others may
argue that it is easier to withdraw steroids from a Tacrolimus‐based regimen and would prefer
this choice [47, 48].

2.8.5. Antimetabolites

Azathioprine, though hepatotoxic per se, has not been associated with an increased risk of
HBV reactivation when given as monotherapy. Nevertheless, after the introduction of the more
selective and more potent antimetabolites as the mycophenolic acids (MPAs), the use of
azathioprine in kidney transplantation has been restricted to patients with special indications
[49].

2.8.5.1. Mycophenolate acid derivates

Mycophenolate mofetil and the newer mycophenolate sodium have nowadays replaced
azathioprine in most immunosuppressive regimens. Data about MPAs and HBV reactivation
are lacking, but in general they are considered safe for HBV kidney‐transplant recipients.

2.8.6. Mammalian target of rapamycin (mTOR) inhibitors

The reactivation of HBV with the use of mTOR inhibitors has not been studied in renal‐
transplant recipients and generally they are considered safe. Some case reports of HBV
reactivation related to everolimus when used as a chemotherapeutic agent have been reported
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but everolimus dosage in this setting is much higher than the usual doses given as maintenance
immunosuppression in kidney transplantation [50].

In conclusion, all immunosuppressants given in kidney transplantation can be used in HBV‐
positive recipients. The most important issue is the total amount of immunosuppression long
term. It is crucial to maintain the lowest level of immunosuppression that is necessary to
prevent rejection and to closely monitor the HBV status. Prophylactic antiviral treatment
should be initiated immediately after transplantation and continued at least for 1 year after
stable and low maintenance immunosuppression. In the carefully preselected patients in
whom antivirals may be discontinued, close monitoring for HBV reactivation is mandatory.

2.9. In summarizing the existing evidence about kidney transplantation and HBV

• Though decreasing, HBV still remains a considerable problem in dialysis patients and
kidney transplant recipients.

• Chronic kidney disease patients should be vaccinated before the initiation of dialysis.

• Intensified vaccination protocols should be applied to hemodialysis patients and antibody
titer checked regularly.

• HBV‐positive dialysis patients need monitoring with HBV DNA, viral serology (including
HBeAg), and liver enzymes.

• HBsAg‐positive candidates for kidney transplantation should be evaluated thoroughly with
HBV DNA, liver enzymes, and liver biopsy.

• Antiviral treatment with tenofovir or entecavir (preferably to lamivudine) should be
introduced to HBsAg‐positive patients with viral activity on the waiting list.

• Patients with decompensated cirrhosis are candidates for combined liver‐kidney transplan‐
tation, while compensated cirrhosis is no more an absolute contraindication for kidney
transplantation alone.

• Kidney transplants from HBsAg‐positive and from HBsAg‐negative/anti‐HBc–positive
donors can be safely transplanted into immunized, HBsAg‐negative recipients with
concomitant prophylaxis.

• HBsAg‐positive kidney transplant recipients should receive antiviral prophylaxis immedi‐
ately after transplantation.

• In the current era of new antivirals, outcomes after transplantation are improving and long‐
term patient and graft‐survival rates are approaching those of HBsAg‐negative‐matched
recipients.

• The duration of antiviral prophylaxis after transplantation is unknown.

• Antivirals can be withdrawn in subsets of patients after transplantation.

• All immunosuppressants can be used in HBsAg‐positive recipients.
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• The total amount of immunosuppression must be kept at the lowest possible levels for the
given donor/recipient.

In conclusion, with growing knowledge and evolving evidence in both fields, hepatitis B and
transplantation, in the era of potent antivirals as nucleoside analogs, HBsAg‐positive kidney‐
transplant candidates and recipients can be successfully treated and monitored and reach
survival rates comparable to their HBsAg‐negative counterparts.

3. Kidney transplantation and hepatitis C virus infection

3.1. Epidemiology of hepatitis C virus (HCV) infection

The prevalence of hepatitis C virus (HCV) infection worldwide is 3% and infected people are
estimated to be approximately 170 millions. Prevalence rates in Africa, America, Europe, and
South‐East Asia are less than 2.5%. In the Western Pacific regions, the prevalence ranges
between 2.5 and 4.9% while in some parts of the Middle East, it reaches 13% [51–53].

The prevalence of hepatitis C in patients with end‐stage renal disease (ESRD) presents great
variation worldwide. In northern Europe, it is below 5%, whereas in the US and southern
Europe, it stands at 10%. In several North African, Asian, and Latin American countries, the
relative disease prevalence varies between 10 and 70% [54]. In Greece, a 2003 collaborative
study of the Hellenic Center for Infectious Diseases Control and the Hellenic Society of
Nephrology showed that the percentage of patients with hepatitis C was 7.5% in a total of 7016
patients on dialysis [55].

Prior to 1990, the main routes of HCV transmission were blood‐product transfusions, intra‐
venous drug use, and unsafe medical procedures. Since the systematic screening of blood
products, the risk of HCV infection related to transfusions is extremely low (1/20000000) [56].
Currently, the main routes of HCV infection are intravenous drug use, unsafe medical
procedures, mother‐to‐child transmission, and the use of unsterilized materials in activities
such as acupuncture and tattooing. Household and sexual transmission is extremely low. The
dialysis‐related risk is estimated at 2% per year. With the screening of blood products and the
use of erythropoiesis‐stimulating agents, the risk of transfusion‐related HCV infection in
dialysis patients has dramatically declined; however, they continue to comprise a “high‐risk”
group. In several studies, the prevalence of HCV infection correlated strongly with the time
on dialysis, independently of the burden of transfusions and it was higher in HD than in home
HD or peritoneal dialysis patients. These data strongly suggest that nosocomial transmission
is of major importance [57].

Therefore, the KDIGO workgroup for the prevention of HCV transmission in dialysis patients
focused on the implementation of hygienic precautions regarding the staff of HD units and
the sterilization of the dialysis machines. Of major importance is the fact that the isolation of
HCV‐infected patients does not seem to protect against HCV transmission in HD units and
therefore it is not recommended [53].
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4. Kidney transplantation versus dialysis for HCV‐infected dialysis
patients

A meta‐analysis of observational studies tried to establish the impact of hepatitis C virus
infection on survival in dialysis patients. It showed that HCV‐positive patients on dialysis have
an increased risk of mortality compared with their HCV‐negative counterparts, which is
mainly attributed to liver‐associated disease and its complications (relative risk, 5.89) [58].

Kidney transplantation is the treatment of choice for HCV‐positive patients with ESRD. Three
retrospective studies showed that transplantation offered a survival advantage in HCV‐
seropositive patients compared to those who remained on the waiting list [59–61]. A recent
systematic review that included 9 studies with a total number of 2274 HCV‐infected renal‐
transplant candidates and recipients showed that 5 years posttransplantation, anti‐HCV–
positive patients who had undergone kidney transplantation had approximately 55% lower
risk of death compared to wait‐listed patients [62].

5. Diagnosis and assessment of liver disease in HCV‐positive kidney‐
transplant candidates

The clinical tools that are used for the assessment of liver damage for patients with ESRD do
not differ from those used for the general population. Several studies have shown that
aminotransferase (AST, ALT) levels are low in patients on dialysis and this reduction appears
to occur in patients with advanced chronic kidney disease even before the initiation of renal‐
replacement treatment [63, 64].

All patients on the waiting list for a kidney allograft should be tested for hepatitis C, initially
with an anti‐HCV enzyme‐linked immunosorbent assay (ELISA) and after a positive result by
polymerase chain reaction assay (PCR) for the quantification of HCV RNA. Identification and
classification of HCV genotype should follow. Screening for HCV must be a clinical routine
and it must be performed once a year in all dialysis patients, since they are at constant risk of
acquiring HCV infection. Dialysis units with a high prevalence of HCV should adopt a more
strict protocol by examining their patient population for the presence of viremic activity,
regardless of the result of the ELISA test [53].

Liver biopsy is recommended by the KDIGO guidelines as the “gold standard” for assessing
the severity of hepatic damage and the prognosis of the disease. Furthermore, it can provide
valuable assistance in planning the future treatment strategy [65]. A study on percutaneous
liver biopsy in chronic hepatitis C patients found the procedure to be safe without increased
risk in patients with ESRD [66]. The necessity of a liver biopsy is underlined by the following
factors:

• There is no reliable correlation between the fluctuation of aminotransferases levels or the
measurements of HCV RNA and the severity of liver injury as shown by histological
findings in this group of patients [67].
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• The percentage of HCV‐positive renal transplant recipients that develop liver disease in the
course of transplantation varies in different studies between 19 and 64% [59, 60].

• Studies have shown that up to 25% of ESRD patients with chronic hepatitis C infection have
subclinical pre‐cirrhotic disease in liver biopsy [68].

• The finding of advanced fibrosis in liver biopsy is a contraindication for renal transplanta‐
tion, because 10‐year survival is lower than 26% [52]. Patients with adequately compensated
hepatic disease should be referred for simultaneous liver‐kidney transplantation.

Novel, noninvasive, simple radiographic and serologic tests are used to validate hepatic
fibrosis. Transient elastography (TE) evaluates the severity of fibrosis by liver‐stiffness
measurement. It has been used in non‐uremic patients for the staging of fibrosis with satis‐
factory results [69]. In the dialysis population with chronic HCV infection, TE, performed with
a Fibroscan machine, seemed to be efficient in estimating fibrosis in one study available [70].
Aspartate aminotransferase‐to‐platelet ratio index (APRI) is a serologic marker of fibrosis, easy
to calculate. APRI is useful in diagnosing the degree of fibrosis [71], although it has a lower
diagnostic accuracy than TE especially in cases of cirrhosis, in HD as well as in non‐uremic
patients with HCV [70]. Larger cohort studies are needed before noninvasive techniques can
replace liver biopsy. Nevertheless, they can be useful when the biopsy cannot be performed
because of contraindications or patient refusal.

6. Kidney donation from HCV‐positive donors

All prospective donors should be evaluated for the risk of HCV infection based on blood tests,
medical history, and lifestyle habits. Prior to transplantation, deceased and living donors
should be screened for anti‐HCV antibodies, preferably using ELISA third generation.
However, the presence of antibodies against HCV in the donor may indicate a previous cleared
infection and nontransmissibility. Thus, conducting PCR for HCV RNA is the next step for
anti‐HCV–positive donors. In the setting of cadaveric kidney transplantation, the results of
HCV RNA will be available after transplantation. Therefore, the KDIGO guidelines advise
against transplantation from HCV‐positive donors to HCV‐negative recipients [53], since it is
well established that hepatitis C can be transmitted by solid‐organ transplantation with a high
frequency that approaches 100% in some studies [72, 73]. Viral transmission results in the
occurrence of liver disease in the immunocompromised recipient, leading eventually to poor
clinical outcomes due to infectious complications, development of cholestatic syndrome, and
progression to hepatic failure [74].

Allocation of HCV‐positive kidneys is controversial. The strategy of many transplant centers,
including ours nowadays, is to accept kidneys from HCV‐positive‐deceased donors for HCV‐
positive‐transplant candidates. According to the latest KDIGO guidelines [53], seropositive
recipients should be tested by PCR for HCV RNA and must have an active viremia. This
practice is based on the fact that kidney transplantation of HCV‐infected dialysis patients from
HCV‐positive donors reduces the time in the transplant waiting list and is associated with
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superior survival compared to those who remain on the list waiting for a seronegative donor
[75]. Additionally, a retrospective study by Morales et al. examined the differences between
HCV‐positive recipients who were transplanted either from HCV‐positive donors or from
HCV‐negative donors. In terms of decompensated liver disease, no differences were observed
between the two groups (10.3 vs. 6.2%). Moreover, 5‐ and 10‐year patient survival were similar
in the two groups, namely 84.8 and 72.7% in the subset of recipients from HCV‐positive donors
versus 86.6 and 76.5%, respectively, in those who received an HCV‐negative renal allograft.
Five‐ and ten‐year graft survivals were decreased in the HCV‐positive donor group (58.9% at
5 years and 34.4% at 10 years) compared to the HCV‐negative donor group (65.5% at 5 years
and 47.6% at 10 years, p: 0.006). However, this difference was not associated to HCV seropo‐
sitivity in the multivariate regression analysis [76]. Ideally, donors and recipients should be
matched for HCV genotype to minimize the risk of super‐infection, even if this procedure is
rarely performed during a deceased donor evaluation. However, two retrospective studies
showed that the number of HCV genotypes has no significant effect on patient survival [77,
78]. In the new era of HCV treatment with the direct‐acting antiviral agents (DAAs), the
knowledge of the donors’ genotype will be useful for the assessment of future treatment
strategies.

Living donors with HCV infection and viremia should preferably receive appropriate treat‐
ment prior to donation, since the duration of therapy is short and it leads to sustained SVR [79].
On the other hand, prior to donation the transplant team should carefully consider and explain
to the donor the risk for developing HCV‐associated renal disease or diabetes mellitus in the
future.

Based on the aforementioned data, the policy of transplanting a kidney from an anti‐HCV–
positive donor to an anti‐HCV–positive recipient is considered to be a safe approach with good
clinical outcomes in the long term. In any case prior to receiving an allograft, the HCV‐infected‐
transplant candidate should be informed in detail about the HCV status of the donor, the risk
of super‐infection or other complications, the data regarding patient and graft survival, as well
as the new treatment options.

7. Impact of HCV infection on posttransplant outcomes

Hepatitis C adversely affects the survival of both patients and grafts. Numerous, predomi‐
nantly retrospective cohort studies report inferior 10‐year survival rate of HCV‐positive
patients in comparison to uninfected kidney recipients [80–82]. Age at transplantation and the
presence of anti‐HCV antibodies were independently associated with patient survival [81].
However, a serious limitation of these studies is that histological data regarding the severity
of hepatic disease pretransplantation were not available in the majority of them.

A recent meta‐analysis of 18 observational trials that included 133,530 renal allograft recipients
revealed an increased rate of all‐cause mortality in HCV‐positive patients after transplantation,
regardless of the year of transplantation and thus the immunosuppressive regimen that was
used, the country of origin or the number of patients. The main causes of death were cirrhosis
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and hepatocellular cancer. It is worth noting that hepatic disease developed late after trans‐
plantation. Cardiovascular mortality and cardiovascular disease were also more prevalent in
this study group [83]. Additional extrahepatic causes of morbidity and mortality were new
onset diabetes after transplantation (NODAT), de novo and recurrent glomerular diseases
(mainly de novo type I membranoproliferative GN), and sepsis [84–86].

The abovementioned studies demonstrated also that graft survival is decreased in seropositive
patients posttransplantation. More specifically, the meta‐analysis by Fabrizi et al. showed that
the adjusted relative risk of graft loss in these patients compared to those who are not infected
was 1.76 [83]. Allograft failure has been attributed to the aforestated morbidity factors, namely
diabetes and glomerulonephritides, as well as to the occurrence of transplant glomerulopathy
and chronic allograft injury [83–87].

8. Therapy

Treatment of patients infected with HCV comprises the traditional approach with interferon
and ribavirin, as well as novel regimens, interferon‐a‐free that consist of the direct‐acting
antiviral agents. Therapeutic regimens aim at the elimination of the virus. The viral load, based
on HCV RNA quantification in serum, must be undetectable (10–15 IU/ml) 12 weeks after the
end of treatment (SVR).

8.1. Traditional therapy

In the past decade, interferon and ribavirin were considered to be the cornerstone of HCV
antiviral treatment. Nonetheless, these drugs were associated with considerable toxicity. More
specifically, the use of interferon after kidney transplantation induced acute kidney injury,
episodes of rejection resistant to steroid therapy, and graft loss [88, 89]. Therefore, before 2013
transplant candidates could only be treated prior to transplantation as the KDIGO guidelines
recommended, with the exception of patients with fibrosing cholestatic hepatitis [53]. How‐
ever, the Dialysis Outcomes Practice Patterns Study demonstrated that only a minority of ESRD
patients on dialysis were treated for HCV [90]. Among 4589 HCV‐positive HD patients who
were observed from 1996 to 2011, only 48 (1%) were treated for HCV, whereas among the subset
of patients waiting on the list for transplantation, only 3.7% were treated for HCV. The reasons
for this approach were as follows:

• The use of ribavirin in this patient population aggravated anemia that was already present
due to chronic kidney disease.

• Pegylated interferon‐α (PegIFN‐α) as monotherapy resulted in poor outcomes, with SVR
30–35% [91].

• Addition of ribavirin in low doses increased the SVR to 55% after 6 months, but also
increased side effects [92].

• A substantial percentage of patients (18–30%) dropped out of therapy.
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Nevertheless, HCV clearance when achieved was maintained posttransplantation in the vast
majority of patients despite the use of immunosuppression [93].

8.2. Novel therapeutic agents

Thorough understanding of the HCV structure, replication mechanism, and cell cycle has led
to the development of the DAAs. These drugs are small molecules that target nonstructural
(NS) viral proteins and inhibit HCV replication. Four classes of DAAs exist, namely NS3/4A
protease inhibitors (PIs) simeprevir, paritaprevir, and grazoprevir, NS5B nucleoside polymer‐
ase inhibitors (NPIs) and non‐nucleoside polymerase inhibitors (NNPIs) sofosbuvir and
dasabuvir, respectively, and NS5A inhibitors ledipasvir, daclatasvir, ombitasvir, and elbasvir
[94].

The introduction of these new agents has modernized the therapeutic ammunition and has
radically changed the treatment of patients with HCV infection; ongoing trials are expected to
prove the safety and efficacy of DAAs in patients with impaired renal function and ESRD and
establish proper dosing regimens. Besides the spectacular effectiveness of these drugs (SVR
over 95%) in patients who had not received prior therapy [95], another important issue is the
improved tolerance to treatment, due to reduced treatment duration and fewer side effects.

Different combinations of DAAs are administered based on the different HCV genotypes
(Table 1).

Genotype 1α kαι 1b

PegIFN‐α, RBV, and Sofosbuvir

PegIFN‐α, RBV, and Simeprevir

Sofosbuvir and Ledipasvir

Ritonavir, Paritaprevir

Ombitasvir and Dasabuvir

Sofosbuvir and Simeprevir or Daclatasvir

Grazoprevir, Elbasvir ± Ribavirin

Genotype 4

PegIFN‐α, RBV, and Sofosbuvir

PegIFN‐α, RBV, and Simeprevir

Sofosbuvir and Ledipasvir

Ritonavir, Paritaprevir, Ombitasvir

Sofosbuvir and Simeprevir or Daclatasvir

Grazoprevir, Elbasvir ± Ribavirin

Genotype 2

PegIFN‐α, RBV, and Sofosbuvir

Sofosbuvir and RBV

Sofosbuvir and Daclatasvir

Genotype 5

PegIFN‐α, RBV, and Sofosbuvir

Sofosbuvir and Ledipasvir

Genotype 3

PegIFN‐α, RBV, and Sofosbuvir

Sofosbuvir and Daclatasvir

Genotype 6

PegIFN‐α, RBV, and Sofosbuvir

Sofosbuvir and Ledipasvir

Table 1. Treatment recommendation (EASL 2015) for chronic hepatitis C patients without liver cirrhosis.

The first studies that evaluated the effectiveness of DAAs excluded patients with estimated
glomerular filtration rate (eGFR) less than 30 ml/min/1.73m2, patients on dialysis, and renal‐
transplant recipients. It is worth noting that sofosbuvir is contraindicated for patients with
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eGFR <30 ml/min/1.73m2 and for dialysis patients [94, 95]. Therefore, treatment options for this
study group with HCV infection from genotypes 2, 3, 5, and 6 of HCV are limited, because all
regimens include sofosbuvir. Severe, urgent cases should receive treatment after careful expert
consultation. On the other hand, results are very promising for patients with genotypes 1 and
4 in comparison with the general population. Ruby‐I is a single‐arm multicenter study, in which
20 patients with HCV genotype 1 and CKD stage 4,5 or in dialysis were given ombitasvir co‐
formulated with paritaprevir and ritonavir, administered with dasabuvir for 12 weeks. Patients
with HCV genotype 1a infection also received ribavirin (n:13), whereas those with genotype1b
infection did not (n:7). The majority of patients, 90%, achieved the primary end point which
was SVR 12 weeks after the end of treatment (SVR12). One patient did not achieve an SVR12
because of a relapse and another one died from causes not related to treatment. The most
common adverse event was anemia (69%) due to ribavirin treatment, which led to drug
discontinuation in nine cases [96]. C‐Surfer is a multicenter, phase 3, randomized study of
safety and observational study of efficacy regarding the combination of grazoprevir and
elbasvir (both approved by the Food and Drug Administration (FDA) and wait to be approved
by the European Medicines Agency (EMA) in 2016) for patients with genotype 1 infection and
stage 4–5 CKD. The treatment group consisted of 111 patients, who received grazoprevir and
elbasvir for 12 weeks. The results were remarkable. The SVR12 was 99%, with only one patient
relapsing, whereas the drugs were well tolerated with minor adverse events that did not lead
to drug discontinuation [97].

The use of interferon‐free treatment regimens is of major importance in renal transplantation
because it eliminates the risk of acute allograft rejection and subsequent graft loss. An
important question that arises is when is the proper timing of treatment, pre‐ or post trans‐
plantation? The introduction of DAAs permits us to exceed the narrow timeframes before
transplantation and treat our patients after transplantation. Thus, we have the advantage of
using allografts from HCV‐positive donors for recipients willing to accept them. This practice
minimizes the time on the waiting list and subsequently the time on dialysis and all its
deleterious effects as we have already mentioned, but it cannot be applied in small countries
such as Greece with extremely long waiting time on the list. On the other hand, treatment with
DAAs prior to transplantation may offer the advantage of increasing the overall survival of
patients by diminishing the risk of hepatic and extrahepatic complications especially severe,
evolving liver disease, glomerulonephritis and NODAT. Another important issue to consider
when deciding the timing of treatment is the virus genotype. Eradication of the virus in patients
infected with genotype 1 or 4 is plausible before transplantation, since sofosbuvir‐free
regimens are available.

In renal transplantation, the DAAs are used according to the guidelines applied to the general
population and the liver‐transplant recipients. Until 2016, there were no data to guide the use
of these agents in kidney transplant patients and to demonstrate their efficacy and safety to
this subpopulation of patients. The policy of many transplant centers, including ours, is that
all kidney‐transplant patients with chronic HCV infection and eGFR >30 ml/min/1.73m2 receive
appropriate therapy with a new, interferon‐free antiviral regimen based on the detected
genotype (Table 1). The dose of DAAs is not adjusted when eGFR is greater than 30 ml/min/
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1.73m2. Ribavirin is not recommended with eGFR <30 ml/min/1.73m2 although it has been used
in patients after renal transplantation with a close monitoring of hemoglobin levels [98].

Of great importance are the drug‐drug interactions between the DAAs and the immunosup‐
pressive agents and the mandatory dose adjustments (Table 2).

Green: No significant interaction is expected.

Orange: Possible interaction which requires close monitoring, changing the dosage, and/or drug‐delivery time.

Red: Avoid concomitant use of drugs.

This table is based on data by the University of Liverpool on the site http://www.hep‐druginteractions.org (University of
Liverpool). For additional drug‐drug interactions and for a more extensive range of drugs, detailed pharmacokinetic
interaction data, and dosage adjustments, refer to the abovementioned website.

Table 2. Interactions between immunosuppressive drugs and DAA agents.

Since 2016, several studies have emerged. Kamar et al. tried to assess the efficacy and safety of
an interferon‐free regiment based on sofosbuvir. Twenty‐five renal‐transplant recipients with
HCV infection (19/25 Genotype 1, 2/25 Genotype 2, 1/25 Genotype 3, 3/25 Genotype 4) received
various combinations of sofosbuvir with other agents; ribavirin (n:3), daclatasvir (n:4),
simeprevir (n:6), simeprevir and ribavirin (n:1), ledipasvir (n:9), ledipasvir and ribavirin (n:1),
pegylated interferon and ribavirin (n:1). At week 12, an impressive SVR of 100% was recorded.
During therapy, no significant adjustments in the dose of immunosuppressive drugs were
required and kidney function remained stable [109]. However, after virus clearance, trough
levels of tacrolimus decreased without any dose change. It is already known that HCV infection
alters the pharmacokinetics of CNIs and results in increased drug exposure [99]. Therefore,
we must be cautious after HCV clearance and adjust the dose of CNIs accordingly. A case series
study of 20 HCV‐infected kidney recipients (85% Genotype 1, 15% Genotype 2) who were
treated off‐label with sofosbuvir in combination with simeprevir (n:9), ribavirin (n:3), ledipas‐
vir (n:7), and daclatasvir (n:1) demonstrated a sustained virological response of 100% at week
12 and it was maintained for a short median follow‐up period of 8.6 months [100].
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These impressive results show that the efficacy and safety of DAAs in renal transplant
recipients is comparable with the general population. It remains to be determined if viral
clearance after transplantation will improve long‐term patient and kidney‐allograft outcomes.
The optimal timing of HCV therapy (posttransplantation or pretransplantation) has not clearly
been determined. Taking into account that based on clinical trials the DAAs will be available
for patients with eGFR <30/ml/min/1.73m2 in the near future, treating these patients before
transplantation may prevent posttransplantation complications and improve the overall
outcomes. For the time being, ESRD patients infected with HCV Genotypes 2, 3, 5, 6 can be
treated with DAAs only after transplantation or when it is absolutely obligatory in life‐
threatening conditions.

9. Immunosuppression in HCV‐positive kidney transplant recipients

Immunosuppression may increase hepatitis C viral proliferation after transplantation and thus
accelerate the evolution of hepatic damage [101]. Information regarding the use of immuno‐
suppressive drugs in seropositive allograft recipients comes mostly from liver transplantation,
as well as from the experience in the field of oncology‐hematology. Large, prospective studies
examining the effect of immunosuppressive drugs in HCV‐seropositive recipients are lacking.
However, the total amount of induction and maintenance immunosuppression may play an
important role in the reactivation of the virus post transplantation.

10. Immunosuppressive agents

10.1. Rituximab

The use of anti‐CD20 monoclonal antibody rituximab has been reported in a small number of
seven HCV‐positive patients after kidney transplantation. It was not related to the recurrence
of the infection in a follow‐up period of 19 months [102]. Larger studies in the field of hema‐
tology have shown a high incidence of hepatic flares in HCV‐seropositive patients following
treatment with Rituximab for lymphoma [103].

10.2. Induction therapy

Data from the Scientific Registry of Transplant Recipients (SRTRs) demonstrated that induction
therapy, with polyclonal or monoclonal antibodies, has been associated with a lower risk of
death. This finding could probably be attributed to lower rejection rates in patients receiving
induction treatment [104]. Anti‐CD3 monoclonal antibody OKT3, however, has been associ‐
ated with recurrence of HCV in liver transplantation [105]. It is therefore avoided in HCV‐
infected patients after transplantation. On the other hand, the administration of the polyclonal
antibody antithymocyte globulin (ATG) as induction therapy in 104 HCV‐infected kidney‐
transplant patients did not induce viral replication [106], a finding that was confirmed by
subsequent studies [107]. Contradictory data exist regarding monoclonal anti‐IL2 antibodies,
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antibody antithymocyte globulin (ATG) as induction therapy in 104 HCV‐infected kidney‐
transplant patients did not induce viral replication [106], a finding that was confirmed by
subsequent studies [107]. Contradictory data exist regarding monoclonal anti‐IL2 antibodies,

Advances in Treatment of Hepatitis C and B236

such as daclizumab. A single‐center study in a small number of patients showed that therapy
with daclizumab is followed by faster progression of liver fibrosis compared to ATG [108].
Large studies based on data from the United Network for Organ‐Sharing UNOS base indicate
that liver‐transplant recipients with chronic HCV infection exhibit satisfactory graft and
patient survival after receiving induction with daclizumab [109, 110].

10.3. Corticosteroids (CS)

High pulses of corticosteroids can cause up to 100 times increase of the viral load, but this has
only been demonstrated in liver transplantation [107]. Although rapid steroid discontinuation
leads to lower rates of diabetes and HCV recurrence, it has been associated with worst
outcomes in liver transplantation [111, 112]. In the aforementioned study by Luan et al., in a
total of 3708 HCV‐positive kidney transplant patients, mortality rates were similar between
those who received CS and those who did not [104].

10.4. Calcineurin inhibitors (CNIs)

In vitro studies have shown that cyclosporine may have an antiviral effect by suppressing HCV
replication and the expression of proteins [113]. Moreover, cyclosporine is less diabetogenic
in comparison with tacrolimus. However, in a cohort of 71 patients with HCV infection
posttransplantation, liver fibrosis and viral replication were similar regardless of the CNI
used [114]. Additionally, data from the Scientific Registry of Transplant Recipients (SRTR)
[104] did not confer a survival advantage of cyclosporine over tacrolimus in renal allograft
recipients.

10.5. Antimetabolites

MPAs appear to be safe in HCV‐seropositive individuals after kidney transplantation. Notably,
MMF administration was related to a reduced risk of death (hazard ratio (HR): 0.77, p: 0.005)
in the study by Luan et al., implying a possible advantageous effect of the drug in renal
recipients with chronic HCV infection [104].

10.6. Mammalian target of rapamycin (mTOR) inhibitors

Data regarding the use of mTOR inhibitors in transplant patients with HCV infection are
limited. Sirolimus was associated with decreased evolution of hepatic fibrosis and cell
proliferation in vitro, in an animal model of hepatic fibrosis [115]. This finding was not
confirmed in a small cohort study of HCV‐infected kidney recipients, where switch from CNI
to sirolimus was not followed by lower viral load [116].

In conclusion, almost all immunosuppressive agents can be used in HCV‐positive renal
recipients. As in the case of HBV, the most important issue is the total level of immunosup‐
pression, which should be kept as low as possible based on the specific conditions of trans‐
plantation and the immunological profile of the recipient. Close monitoring of HCV RNA is
mandatory.
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11. In summarizing the existing evidence about kidney transplantation
and HCV

• The prevalence of hepatitis C in patients with ESRD presents great variation worldwide and
is correlated with the time on dialysis.

• Kidney transplantation is the choice of therapy for HCV‐infected patients with ESRD.

• Mortality is lower among patients who undergo kidney transplantation compared to those
remaining on the waiting list.

• Liver biopsy should be performed in all HCV‐infected renal transplant candidates.

• Systematic screening for HCV should be routinely done in all ESRD patients. Dialysis units
with a high prevalence of HCV should preferably test all patients for HCV RNA, regardless
of the presence of anti‐HCV antibodies.

• Well‐compensated cirrhosis is not a contraindication to kidney transplantation.

• Renal transplant recipients with chronic HCV infection have lower patient and allograft
survival post transplantation compared with noninfected renal transplant recipients.

• Major causes of mortality in HCV‐infected renal transplant recipients are cirrhosis and
hepatocellular cancer. Additional causes of morbidity following kidney transplantation are
de novo and recurrent and glomerular diseases and NODAT.

• Transplantation of a renal allograft from an HCV‐infected donor may cause HCV infection
to the recipient.

• All potential kidney donors, deceased and living, should be evaluated for the risk of HCV
infection based on blood tests, medical history, and lifestyle habits.

• Kidneys from HCV‐positive donors are donated to anti‐HCV–positive recipients.

• Interferon should not be administered in renal transplant recipients with chronic HCV
infection because it is associated with rejection episodes and graft loss.

• We suggest the following approach regarding antiviral treatment in HCV‐infected renal
allograft recipients:

◦ All patients with eGFR >30 ml/min/1.73 m2 should receive a new, interferon‐free antiviral
regimen based on the virus genotype.

◦ Patients with eGFR <30 ml/min/1.73 m2 should not be treated with sofosbuvir. Treatment
options for genotypes 2, 3, 5, and 6 of HCV are limited. In severe conditions, treatment
should be discussed with experts.

◦ In the case of HCV genotype 1 or 4, the combination grazoprevir‐elbasvir can be admin‐
istered.
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◦ Potential drug‐drug interactions of antivirals with immunosuppressive agents present an
important issue in selecting the appropriate immunosuppressive regimen after kidney
transplantation.

◦ Immunosuppressive agents can safely be used in HCV‐positive renal recipients with close
monitoring of HCV RNA and minimization of immunosuppression.

In conclusion, the development of direct‐acting antiviral agents (DAAs) may change the
natural history of HCV infection in renal allograft recipients. Randomized, prospective trials
are expected to prove the safety and efficacy, as well as the optimal dose of DAAs in patients
with impaired renal function, ESRD, and kidney transplantation.
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Abstract

Without a preventive vaccine, hepatitis C virus (HCV) remains an important pathogen
worldwide with millions of carriers at risk of end-stage liver diseases. Despite the
introduction of novel direct-acting antivirals (DAAs), resistance problems, challenges
with the difficult-to-treat populations and high costs limit the widespread application of
these drugs. Antivirals with alternative mechanism(s) of action, such as by restricting
viral entry or cell-to-cell spread, could help expand the scope of antiviral strategies for
the management of hepatitis C. Transfusion-associated HCV infection remains another
issue in endemic and resource-limited areas around the world. This chapter describes
some of the latest developments in antiviral strategies to preclude HCV entry, such as
through monoclonal antibodies and small molecules, as well as measures to enhance the
safety of therapeutic plasma products in blood transfusion.

Keywords: hepatitis C virus, viral entry, antivirals, entry inhibitors, monoclonal anti-
bodies, small molecules, therapeutic plasma products

1. Introduction

Hepatitis C virus (HCV) is a major pathogen that predisposes about 170–300 million people
worldwide to risks of end-stage liver diseases (ESLD), including cirrhosis and hepatocellular
carcinoma (HCC). The hepatotropic virus remains one of the top indications for liver trans-
plantation in treating ESLD [1]. While a preventive vaccine remains unavailable, the recent
introduction of direct-acting antivirals (DAAs) has revolutionized the treatment for hepatitis
C, phasing out the decade-old interferon (IFN)-based regimens. The majority of DAAs, how-
ever, focus on targeting viral replication such as via inhibition of the HCV NS3/4A protease,
the NS5A cofactor, and the NS5B polymerase [2]. Although the DAAs have significantly
improved the rate of sustained virological response (SVR) in the most prevalent genotype 1
patients, several challenges persist in real-world setting including high cost, drug-drug
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interactions, emergence of drug resistance, hard-to-treat populations (e.g., human immuno-
deficiency virus [HIV] coinfection, ESLD, and transplant patients), and management of DAA
failures [3–5]. With the advent of hepatitis C treatment in larger populations and borrowing
from the experience with HIV cocktail therapy, it is becoming clear that developing therapeu-
tic strategies with different modes of action would be necessary to address the various
limitations of current DAAs. In addition, HCV transmission due to transfusion of contami-
nated blood products remains an issue in endemic areas around the world. This is particu-
larly the case in resource-limited countries that face inadequate supply of safe blood products
or have poorly controlled blood screening practices, leading to significant risk of transfusion-
associated HCV infection [6]. Measures to enhance the safety of therapeutic plasma products
such as through the implementation of viral inactivation treatments are therefore a necessity
to reduce such risk.

The multistep process of HCV entry makes it an attractive target since it is the foremost
fundamental prerequisite in establishing an infection. Following successful entry, the viral
life cycle initiates to produce more virions, and with this development the underlying
disease begins its progression. Blocking HCV infection by targeting its entry therefore has
important implications for both prophylactic and therapeutic purposes since it abolishes the
viral life cycle. As a prophylactic treatment, it can be used to prevent infection or reinfection.
This is particularly useful in liver transplant setting of hepatitis C wherein the liver allograft
is inevitably reinfected [7, 8]. As a therapeutic treatment, precluding HCV entry via de novo
infection or cell-to-cell transmission helps to restrict viral spread in an infected person which
could slow the progression of the disease. In addition, incorporation of strategies to block
HCV entry into existing DAA treatments is expected to maximize the treatment response
rate, even producing a synergistic effect [9], as with the experience of using multiple inhib-
itors in HIV cocktail therapy to concomitantly target various stages of the viral life cycle.
Since more steps are being targeted in such a multipronged approach, the inclusion of entry
inhibitors to existing DAAs could impose a higher genetic barrier to drug-resistance devel-
opment. Such tactic not only aids in disrupting persistent HCV infection but could also help
to ultimately achieve viral clearance. These aspects therefore make the development of HCV
entry blocking strategies highly advantageous in both expanding the scope of antiviral
treatments against hepatitis C and providing new insights into antiviral management. This
chapter describes some of the latest development of strategies in precluding HCV entry for
the management of hepatitis C.

2. Overview of HCVentry

Owing to the development of infectious HCV culture systems (e.g., cell-culture-derived HCV,
HCVcc) and viral pseudoparticles bearing HCV glycoproteins (e.g., HCV pseudoparticles,
HCVpp), a scenario of how HCV entry occurs has slowly emerged over the last decade of
research. It is widely recognized that the HCV particle undergoes a series of intimate and well-
orchestrated interactions with various receptors/coreceptors on the hepatocyte host cell surface
as well as in the tight junctions, which ultimately lead to the attachment, internalization, and
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fusion of the virion with the cellular membrane. A number of these receptor interactions are
thought to be attributed to the highly lipidated nature of the HCV virion. Specifically, HCV
exists as a lipo-viro particle (LVP) with a lipid composition that includes the apolipoproteins
and resembles that of very low-density lipoproteins (VLDLs) and low-density lipoproteins
(LDLs) [10–15]. The association with lipids on the viral particle is thought to contribute to the
shielding of HCV glycoproteins from neutralization by the host antibody-mediated response.
In addition, the presence of the apolipoproteins on the virion has a large influence on the
production of infectious HCV and also its tissue tropism [13, 16–22].

Following circulation in the blood, the HCV viral particles reach the liver and begin the
interactions with molecules at the surface of the hepatocytes (Figure 1). The initial contacts
are with nonspecific receptor(s) including the glycosaminoglycan (GAG) heparan sulfate
moieties [23–25] that can be found on the transmembrane core proteins syndecans [26, 27].
These early interactions facilitate the attachment of the HCV virion and its accumulation on
the hepatocytes for subsequent binding to more specific receptors. Although the LDL recep-
tor (LDLR) has also been suggested as a potential initial attachment factor [28–30], recent
evidence suggests that it may play a more essential role in viral replication [31, 32].

Figure 1. Overview of HCV entry.
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Nevertheless, these initial interactions have been shown to be mediated via apolipoprotein E
(apoE) on the virion [29, 33–36]. The capturing process of the HCV particle is finalized by its
interaction with the scavenger receptor class B type I (SR-BI) [37, 38], which is able to
associate with the virion’s lipoproteins [37, 39] as well as the HCV E2 glycoprotein [40, 41].
Binding of HCV with SR-BI induces lipoprotein rearrangements that help prime the virion
for subsequent binding to other host cell factors and promote entry. This process is proposed
to occur via SR-BI’s lipid transfer activity between the viral particle and the plasma mem-
brane [37, 42] and/or by direct interaction with the hypervariable region 1 (HVR1) domain
on E2 [37, 43], which ultimately leads to conformational change and the exposure of func-
tional glycoprotein epitopes for additional receptor binding. Closely following this event is
the engagement of the HCV particle with the tetraspanin receptor CD81 [44, 45], which is an
important entry factor for the virus [41, 46, 47]. HCV binding to CD81 is proposed to induce
a dynamic lateral diffusion of virus-receptor complexes toward the tight junction area for
further interactions with additional entry factors and viral internalization [22, 48]. Specifi-
cally, CD81 forms a coreceptor complex with the tight junction protein claudin-1 (CLDN1)
[49, 50] and is engaged in late events of HCV entry [51]. This re-localization and virus-
receptor complex association with CLDN1 involves multiple signaling pathways (e.g., Rho
GTPases, PI3K/AKT, and ERK/MAPK) [52, 53], includes the activation of host cell kinases
such as the epidermal growth factor receptor (EGFR) and ephrin receptor A2 (EphA2) [54,
55], and is influenced by the absence of the CD81-associated partner EWI-2wint on the
hepatocytes [56, 57]. The EWI-2wint molecule is normally bound to CD81 on most cell type
surfaces and inhibits its diffusion which is required to promote HCV entry; however, it is not
expressed in the hepatocytes, and hence its absence has been suggested to contribute to the
restricted tropism of the virus [56]. Following interaction with the CD81/CLDN1 complex,
the HCV particle is presumed to then interact with the tight junction protein occludin
(OCLN) prior to viral internalization [58]. Additional proteins that take part in influencing
virion entry into the hepatocyte include the transferrin receptor 1 (TfR1) [59] and the choles-
terol transporter Niemann-Pick C1-like 1 (NPC1L1) [60], although their specific role and
interplay with other entry factors in the HCV entry process remain to be defined. The HCV
particle finally enters the cell via clathrin-mediated endocytosis [61]. The HCV-receptor
complexes then migrate to endosomal compartments [62, 63] where acidification occurs to
induce membrane fusion, which allows the release of viral RNA into the host cytosol.

The above sequential and multistep entry process consequently yields the successful release of
the HCV genome into the host cytoplasm for direct translation and the ensuing launch of viral
replication. The roles played by several of these entry factors including SR-BI, CD81, CLDN1,
and OCLN not only mediate HCV entry but also presumably help to define tissue and species
tropism of the virus [64–67]. The understanding of how HCVachieves viral entry has led to the
possibility of antiviral targeting. From docking to virus internalization, essentially all steps are
targetable to prevent HCV infection of the host cell. In addition, given the association of HCV
with lipoproteins and the viral particle’s interaction with lipoprotein and lipid receptors
(LDLR, SR-BI, and NPC1L1), the lipidic nature of HCV virion also offers various methods of
pharmacological intervention. Finally, many of the entry factors including CD81, SR-BI,
CLDN1, OCLN, and NPC1L1 also play a role in mediating HCV cell-to-cell transmission
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tropism of the virus [64–67]. The understanding of how HCVachieves viral entry has led to the
possibility of antiviral targeting. From docking to virus internalization, essentially all steps are
targetable to prevent HCV infection of the host cell. In addition, given the association of HCV
with lipoproteins and the viral particle’s interaction with lipoprotein and lipid receptors
(LDLR, SR-BI, and NPC1L1), the lipidic nature of HCV virion also offers various methods of
pharmacological intervention. Finally, many of the entry factors including CD81, SR-BI,
CLDN1, OCLN, and NPC1L1 also play a role in mediating HCV cell-to-cell transmission
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between intercellular junctions [68–71], and therefore targeting these molecules could help
restrict both cell-free entry and cell-to-cell spread of HCV.

3. Current development in inhibition of HCVentry

3.1. Use of monoclonal antibodies to target host cell receptors or viral antigens

Recent insight into the molecular interactions of HCV at the cellular membrane has signifi-
cantly enhanced the understanding of the HCV entry paradigm and revealed potential targets
for drug intervention, including the use of monoclonal antibodies (mAbs) to mask HCV entry
receptors/coreceptors or viral antigens. As described below and summarized in Table 1, the
use of mAbs targeting CD81, SR-BI, CLDN1, or the HCV E2 has been shown to have prophy-
lactic/therapeutic effects against HCV infection in both cell culture and animal models.

3.1.1. Anti-CD81 monoclonal antibodies

CD81 is the first putative receptor identified for HCVentry [72, 73] and plays an important role
in the virus infection. The molecule is a member of the tetraspanin superfamily with four
transmembrane domains and two extracellular loops and is expressed in most human tissues
[74]. Commercial CD81 mAb JS-81 has been applied in human liver-chimeric mouse model
and shown prophylactic protection but no postexposure effect inhibiting HCV infection [75];
nonetheless, this experimental test inspired subsequent studies of anti-CD81 mAbs as antiviral
agents. Of the newly generated antibodies, mAb QV-6A8-F2-C4 produced by genetic immuni-
zation could efficiently inhibit HCVcc infection and pan-genotypic HCVpp entry in a similar
range as mAb JS-81 [76]. The antibody also appeared to block neutralizing antibody-resistant
HCV cell-to-cell transmission and viral dissemination in a dose-dependent manner, with a less
cytotoxic or antiproliferative property than JS-81 in vitro. In a recent study, another mAb K04
generated with hybridoma technique not only showed inhibitory effect against HCVpp and
HCVcc infection in hepatoma cells and primary human hepatocytes (PHH), but also surpris-
ingly blocked HCV infections in both prophylactic setting and postinfection stage in human
liver-chimeric mice [77]. This is probably due to the improved intrinsic binding affinity of mAb
K04 to CD81 large extracellular loop (LEL) and a different binding epitope as compared to
mAb JS81. However, treatment-associated reductions in body weight and human serum albu-
min levels were observed in this study. Further research will be needed to determine the
minimal dose of antibodies needed to provide protection and to evaluate the toxicology of
anti-CD81 mAbs for long-term development.

3.1.2. Anti-SR-BI monoclonal antibodies

SR-BI is a member of the CD36 family primarily expressed in liver and non-placental steroido-
genic tissues which facilitates selective cholesterol uptake [78]. The molecule has been pro-
posed to be a horseshoe-like glycoprotein with a large extracellular loop anchored to the
plasma membrane at both N- and C-termini with short extensions into the cytoplasm [79]. It
was first identified as the alternative E2 receptor on HepG2 cells which efficiently recognize
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Candidates Effect(s)
Stage of
Development Reference

mAbs Against Host Entry Factors

Anti-CD81 mAbs Inhibit CD81-E2 interaction Mouse model [75–77]

Anti-SR-BI mAbs Inhibit SR-BI-E2 interaction Mouse model [80–82]

Anti-CLDN1 mAbs Inhibit E2-CD81-CLDN1 association Mouse model [84–87]

Passive Immunotherapy Against HCV

Anti-E2 mAbs Neutralize circulating virion Phase II [89–96]

Polyclonal IgG Neutralize circulating virion Phase III [190, 192,
193]

Small Molecule Inhibitors

Heparin, heparin-derived
compounds

Heparan sulfate competitors Cell culture [24, 25]

Heparinases Heparan sulfate enzyme Cell culture [25]

EGCG Compete with heparan sulfate; alter viral shape; inhibit
cell-to-cell spread

Cell culture [99–101]

Delphinidin Alter viral shape Cell culture [101]

SSb2 Inhibit attachment & viral fusion Cell culture [102]

GA Inactivate virion Cell culture [103]

Hydrolysable tannins CHLA
& PUG

Inactivate virion; inhibit attachment & cell-to-cell spread Cell culture [104]

LOD Inactivate virion; inhibit attachment Cell culture [105]

DHMD Inactivate virion; inhibit attachment Cell culture [106]

Curcumin Decrease viral envelope fluidity; inhibit cell-to-cell spread Cell culture [107]

CV-N E1/E2 glycan-binding protein Cell culture [109]

Griffithsin E1/E2 glycan-binding protein Mouse model [110]

MBL E1/E2 glycan-binding protein Cell culture [111]

Recombinant L-ficolin E1/E2 glycan-binding protein Cell culture [112]

BA-LNCs E2 glycan-binding protein Cell culture [114]

Oleanolic acid E2 glycan-binding protein Cell culture [115]

CD81-derived peptides Interact with E2 Cell culture [116, 117]

CLDN1-derived peptide
(CL58)

Interact with E1 & E2 Cell culture [81]

E2-derived peptide Interfere with E1/E2 hetero-dimerization Cell culture [119]

Terfenadine CD81 competitor Cell culture [120]

ITX 5061 SR-BI inhibitor Phase Ib [121–124]

Aspirin Down regulates CLDN1 Cell culture [125]

Erlotinib EGFR inhibitor; inhibit cell-to-cell spread Mouse model [54]

Dasatinib EphA2 inhibitor; inhibit cell-to-cell spread Cell culture [54]
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soluble E2 proteins but do not express CD81 on their surface [40]. As described above, both
CD81 and SR-BI are considered necessary for HCV entry, since the overexpression of CD81 on
HepG2 cells restores HCVpp entry in these originally poorly permissive cells [41]. Monoclonal
antibodies targeting SR-BI that inhibited HCV infections include mAb C167, mAb16-71, mAb8,
and mAb151. For HCV inhibitory activities in vitro, mAb C167 effectively prevented infection
in hepatoma cells with HCVcc and ex vivo virus recovered from HCVcc-infected chimpanzees
[80]; mAb16-71 exhibited preventive effect against HCVcc infection in both hepatoma cells and
PHH [81]; mAb8 and mAb151 also prevented HCVcc infection in reporter Huh-7 cells [82].
Additionally, mAb16-71, mAb8, and mAb151 all showed their ability in blocking HCV cell-to-
cell spread in vitro and in vivo. Human liver-chimeric mouse models challenged with serum-
derived HCV isolates of different genotypes revealed the anti-HCV property in vivo of the
three antibodies in both prophylactic and postexposure settings. Specifically, mAb16-71
showed complete blockage of infection and intrahepatic spread of HCV isolates with a pro-
phylactic treatment, but had no effect on chronically infected chimeric mice; mAb151, on the
other hand, appeared to be effective against an HCV variant escaped from adaptive immune
response in a liver transplant patient and displayed better antiviral activity in inhibiting viral
spread and amplification in the postexposure setup.

Candidates Effect(s)
Stage of
Development Reference

Tipifarnib, sorafenib Ras, Raf inhibitor Cell culture [126]

Ferristatin TfR1 inhibitor Cell culture [59]

Ezetimibe NPC1L1 inhibitor Mouse model [60]

PF-429242 Down regulate NPC1L1 & LDLR Cell culture [127]

Phenothiazines Modulate host cell membrane Cell culture [128]

Chlorpromazine Clathrin-coated pit formation inhibitor Cell culture [61]

Arbidol Trap virion in clathrin-coated vesicles Cell culture [129]

Bafilomycin A1,
concanamycin A

Disturb acidic endosomal compartments Cell culture [130]

Chloroquine, ammonium
chloride

Disturb acidic endosomal compartments Cell culture [131]

RAFI dUY11 Inhibit viral fusion Cell culture [132]

Ferroquine Inhibit cell-to-cell spread Cell culture [133]

Triazine-based compounds Inhibit post- binding step & cell-to-cell spread Cell culture [134, 135]

Silibinin Inhibit viral fusion & cell-to-cell spread Clinical
Legalon® SIL

[136–140]

Tamoxifen Inhibit attachment & post-binding step Cell culture [142]

HCV II-1 (GS-563253) Inhibit attachment & post-binding step Cell culture [143]

EI-1 (BJ486K) Inhibit post-binding step Cell culture [144]

Table 1. Antiviral strategies to preclude HCV entry.
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3.1.3. Anti-CLDN1 monoclonal antibodies

The CLDN1 tight junction protein has four transmembrane domains and is highly expressed
in the liver [83]. Its role in HCV entry is proposed to occur in the post-binding steps [64].
Anti-CLDN1 antibodies directed against the CLDN1 extracellular loops were found effective
in neutralizing HCV infection in hepatoma cells through disrupting CD81-CLDN1 association
and therefore inhibiting E2 binding to the cell surface [84]. A CLDN1 mAb OM-7D3-B3
targeting CLDN1 extracellular loop was found to be effective in inhibiting HCV isolates
in vitro [85]. Further experiments in human liver-chimeric mouse models confirmed its
potency in preventing HCV infection and eliminating persistent infection in vivo [86].
Pretreatment of another anti-CLDN1 mAb 3A2 targeting CLDN1 extracellular loop also
showed protective effect in a chimeric mouse model [87]. Safety profiles of these antibodies
were also assessed regarding the levels of human albumin, aspartate transaminase, alanine
transaminase and total bilirubin, and potential side effects on the other organs and tight
junction integrity. Further studies were suggested to assess potential immune-mediated
adverse effects to ensure its relevance for clinical use [86, 87].

3.1.4. Anti-HCV E2 monoclonal antibodies

Another approach to developing entry-inhibiting mAbs is to target the glycoproteins on the
HCV virion surface. Albeit HCV glycoproteins exhibit high variability and are protected by
glycosylation and lipids on the viral particle, neutralizing mAbs have been designed to target
more conserved and accessible regions, specifically on the E2 glycoprotein [88]. Effects of E2
mAbs have been shown in vitro and in vivo [89–94]. Clinical trials have been carried out to
assess the protective function of human anti-E2 mAbs HCV-AbXTL68 and MBL-HCV1 in liver
transplant settings of HCV-positive patients. With a higher dose and daily infusion of HCV-
AbXTL68, HCV RNA in patient serum showed transient reduction in the first week post-
transplantation but not yet below the detectable limits [95]. MBL-HCV1, on the other hand,
successfully suppressed the viral load from 7 to 28 days after transplantation in genotype 1a-
infected patients with multiple infusions. Although the primary endpoint at day 42 was not
met, the viral rebound was significantly delayed, and the magnitude of the viral load reduc-
tion was greater than the previous HCV-AbXTL68 therapy [96]. The result indicates that mAbs
may be a promising class of entry inhibitors that adsorbs circulating virions to protect the new
liver from reinfection after transplantation. A study of combination therapy with DAAs to
prevent allograft HCV infection is currently underway [96].

Current obstacles to the development of mAbs as therapeutic antiviral agents include the high
cost of production, storage, and administration, which can only be done by injection so far [88].
Nevertheless, the associated immune responses such as antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) may help to clear the
viruses and infected cells [88, 97]. Antibodies that directly block host cell entry factors are
more likely to be effective for the diverse circulating viral strains; however, due to the distri-
bution and multiple functions of such molecules, the blockage may cause potential adverse
side effects [97]. As for antibodies targeting viral antigens, designing suitable candidates may
be a challenging issue due to the heterogeneity of the HCV glycoproteins [98], but such
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antibodies may provide a safer option for the synergistic therapy with other antivirals of
different modes of action to suppress the development of resistance, particularly at the early
post-transplantation stage [96]. Additional neutralizing antibodies against other entry factors
have also been reported to antagonize HCV infection in vitro, such as anti-TfR1 [59] and anti-
NPC1L1 [60] antibodies, suggesting they could also be potentially developed for treatments
against hepatitis C.

3.2. Small-molecule inhibitors of HCVentry

In addition to the mAbs, great efforts have been put into identifying small molecules with
potent antiviral effects against HCV entry. The source of such entry inhibitors includes clini-
cally approved medications, synthetic molecules, and natural product-based compounds.
These small molecules could be further evaluated for development as drug candidates or drug
leads. Below is a panel of small molecules that have been investigated with their activities
inhibiting HCV entry (Table 1).

3.2.1. Small molecules inhibiting viral attachment

The attachment step represents the primary interaction of an HCV virion with its host cell
surface. Since the GAG heparan sulfate moieties dominate the capturing of HCV virions, the
heparan sulfate homologue heparin and its derivatives as well as the enzyme heparinases which
degrade the molecule were all shown to inhibit the viral binding to hepatoma cells [24, 25]. (-)-
Epigallocatechin-3-gallate (EGCG), a green tea catechin, was speculated to exert its inhibitory
effect on viral attachment [99] by competing with heparan sulfate for HCV binding [100] or
altering the viral shape [101]. Delphinidin, an anthocyanidin extracted from plant pigment, was
also demonstrated to inactivate HCVpp by altering its shape and was particularly potent when
added concurrently with the viral inoculation [101]. The natural terpenoid saikosaponin b2
(SSb2), isolated from the root of Bupleurum kaoi, was observed to specifically block HCV particle
binding and early viral entry without affecting other stages of the viral life cycle [102]. SSb2
could inactivate cell-free HCV particles and was suggested to target the glycoprotein E2 in
mediating its antiviral effect against HCV infection. Several other natural compounds including
the gallic acid (GA) extracted from Limonium sinense [103], the hydrolyzable tannins chebulagic
acid (CHLA) and punicalagin (PUG) [104], and the hepatoprotective plant Phyllanthus urinaria-
derived monolactone loliolide (LOD) [105] and butenolide (4R,6S)-2-dihydromenisdaurilide
(DHMD) [106] were also found to efficiently inactivate cell-free HCV viral particles and impede
viral attachment. Another natural compound curcumin extracted from turmeric was shown to
decrease the fluidity of viral envelope and therefore prevent the binding and fusion [107],
possibly by inserting into the membrane in a manner similar to cholesterol [108].

3.2.2. Small molecules blocking viral glycoproteins

A variety of broad-spectrum antiviral agents have exhibited their ability to interact with the
glycans on viral glycoproteins. In the case of HCV, glycan-binding proteins interfere with the
association between the E1/E2 heterodimer and the host cell receptor CD81. Lectins such as
cyanovirin-N (CV-N) and griffithsin, isolated from cyanobacterium Nostoc ellipsosporum and
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the red alga Griffithsia sp., respectively, were reported to have such effect. CV-N was shown to
interact with N-linked glycans of HCV glycoproteins and disrupt E1/E2 binding to CD81 [109].
The inhibitory effect of griffithsin on HCV entry was also quenched when N-linked high-
mannose oligosaccharides were present, indicating a pattern similar to CV-N of affecting the
glycoproteins-CD81 interaction [110]; pretreatment of griffithsin was shown to delay the viral
infection in chimeric mouse model. Humoral lectins of the innate immune systems including
the mannan-binding lectin (MBL) and L-ficolin were also considered to have analogous effect
neutralizing HCV particles. MBL [111] and recombinant oligomeric L-ficolin [112] were found
to interact with the glycans on the E1/E2 heterodimer in a calcium-dependent manner, thereby
inhibiting the viral entry. Notably, the MBL-associated complement system was activated upon
its binding to HCV E1/E2, suggesting the use of humoral lectins as viral entry inhibitors may
also help facilitate viral clearance. However, the detailed mechanism and specific target of the
humoral lectins remain to be defined. The boronic acid (BA)-modified nanoparticles were also
found to suppress HCVentry in a way that acted similar to lectins [113], with the incorporation
of lipid nanocapsule (BA-LNC) techniques enhancing their stability and solubility [114].
Chemically modified oleanolic acid, a triterpene compound originally extracted from Dipsacus
asperoides, was found able to interrupt the E2-CD81 interaction by binding to E2 [115].

Besides the glycan-binding proteins, molecules imitating HCV host entry factors or viral
glycoproteins were also developed in the attempt to block the viral entry. An imidazole-
based scaffold presenting CD81 helix D amino acid side chains [116] and stapled peptides
based on CD81 LEL [117] were designed to antagonize the E2-CD81 interaction by mimick-
ing the putative E2-binding region of CD81. A CLDN1-derived peptide, CL58, was also
found to inhibit HCV entry in the post-attachment stage by interacting with HCV E1 and E2
[118]. As for viral glycoprotein-based molecules, an E2-derived peptide was found able to
block E1/E2-mediated fusion by targeting E1 and therefore interfere with the hetero-dimer-
ization of the glycoproteins [119].

3.2.3. Small molecules targeting host entry factors and CD81-triggered signaling pathway

In addition to the therapeutic antibodies mentioned in the previous section, several small
molecules have been suggested to exert their inhibitory activity of HCV entry by targeting
cellular receptors/coreceptors. Terfenadine, an antihistamine, was found able to prevent HCV
infection by competing with the CD81 antibody JS81 binding to the LEL of CD81 protein on
the hepatoma cell surface [120]. ITX 5061, a clinical stage compound originally characterized as
a p38 MAPK inhibitor, was identified with its capability of antagonizing SR-BI [121] and
further validated for its potency of inhibiting HCV entry at post-binding step [122]. The anti-
HCV effect of ITX 5061 was found additive to synergistic in combination with several stan-
dard-of-care therapeutics, and the resistant mutant was defined on the viral glycoprotein E2
[123]. A latest phase 1b clinical trial [124] revealed that the ITX 5061-treated patients, especially
the genotype 1-infected patients, had a significant reduction in HCV RNA through the first
week after liver transplantation and viral evolution were restricted; however, the viral RNA
levels became comparable in both ITX 5061-treated and untreated patients, suggesting the
need to incorporate other antiviral agents using different modes of actions to eliminate HCV
infection. Aspirin, alternatively, inhibited HCV entry by downregulating CLDN1 [125].
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Since the receptor tyrosine kinases are also involved in the HCV entry process, two clinically
approved protein kinase inhibitors were evaluated for their ability to abrogate the viral entry.
Both erlotinib, an EGFR inhibitor, and dasatinib, an EphA2 inhibitor, could successfully block
HCV entry in a dose-dependent manner as well as the cell-to-cell transmission. Specifically,
erlotinib was shown to inhibit the membrane fusion of hepatoma cells overexpressing HCV
glycoproteins. In vivo treatment of erlotinib resulted in a significant suppression of the viral
load in PHH-chimeric mouse model with HCV infection [54]. Furthermore, inhibitors of EGFR
downstream kinases Ras (tipifarnib) and Raf (sorafenib) were also assessed and found effective
in blocking HCV entry [126].

Inhibitors of other entry factors were also shown to be effective in hampering the viral entry.
Pretreatment of ferristatin, a TfR1 inhibitor that binds to the molecule and causes its internaliza-
tion and degradation, was shown to decrease HCVcc infection in vitro [59]. The NPC1L1
internalization inhibitor ezetimibe, which is also an FDA-approved cholesterol-lowering medi-
cation, diminished HCVcc foci formation before and during the viral challenge. Daily oral
administration of ezetimibe starting two weeks before infection also delayed the viral growth of
a genotype 1 clinical isolate in PHH-chimeric mouse model [60]. PF-429242, an SKI-1/S1P inhib-
itor, potentially impeded HCV entry by downregulating NPC1L1 and LDLR expression [127].
On the other hand, phenothiazines, a group of synthesized nitrogen- and sulfur-containing
tricyclic compounds, inhibited HCV fusion into the cell by modulating the host cell membrane.
Insertion of phenothiazines into the cholesterol-rich membrane increased its fluidity, thus possi-
bly decreasing the local inhomogeneity of the cell required for the viral fusion [128].

3.2.4. Inhibition of clathrin-mediated endocytosis and viral fusion

Since HCV fusion has been discovered to be facilitated by clathrin-mediated endocytosis and
requires an acidic environment, several reagents were assessed for their effectiveness in
preventing HCV entry through blocking such pathways. Chlorpromazine, an inhibitor of
clathrin-coated pit formation, was shown to inhibit both HCVpp and HCVcc infection in vitro
in the validation of clathrin-mediated endocytosis pathway of HCV fusion to the host cell
membrane [61]. Arbidol, a broad-spectrum antiviral agent that blocks viral entry and has been
licensed in some regions for influenza, was described to trap the HCV virion in clathrin-coated
vesicles, thereby hindering the release of viral genome and the following infection [129]. It was
also suggested that arbidol could generally cause the intracellular accumulation of clathrin-
coated structures and restrain the formation of clathrin-coated pits on the cell surface [129],
possibly due to its tropism for lipid bilayers.

Small molecules disturbing the acidic endosomal compartments were also identified as HCV
entry inhibitors in the discovery of the low pH-triggered entry. These include bafilomycin A1
and concanamycin A, which are inhibitors of vacuolar H+-ATPases [130]. Weak bases such as
chloroquine and ammonium chloride were also found to inhibit the low pH-dependent con-
formational change required for the viral fusion, based on their ability to penetrate lysosomes
and increase the pH [131]. Finally, dUY11, one of the rigid amphipathic fusion inhibitors
(RAFIs), was suggested to inhibit HCV entry by interacting with the hydrophobic structures
in virions and preventing the formation of negative curvature required for viral fusion [132].
Curcumin [107] is also able to affect the fusion step as previously mentioned.
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3.2.5. Small molecules inhibiting cell-to-cell transmission

Besides inhibiting the HCV entry in de novo infection, blocking cell-to-cell spread of the viral
particles is also important as this mode of transmission facilitates efficient spread of the virus
in the liver escaping from neutralizing antibodies [68, 69]. Ferroquine was speculated to
interact with HCV glycoprotein E1 and abrogate cell-to-cell spread of the virus [133]. Tri-
azine-based compounds indicated to be closely related to the amino acids on the glycoprotein
could also selectively inhibit genotype 1 HCVentry at the post-attachment step along with cell-
to-cell transmission [134, 135]. Several molecules also block cell-to-cell spread in addition to
their activities in hindering HCV viral entry. For instance, besides impeding viral attachment,
CHLA and PUG exhibit pronounced antiviral effects at the postinfection stage, especially in
restricting HCV foci expansion [104]. Others include EGCG [99], curcumin [107], erlotinib, and
dasatinib [54]. Silibinin, the major component of Silybum marianum that has been designated as
an orphan drug for the prevention of recurrent hepatitis C in liver transplant patients [136],
was also suggested to possess a prominent effect blocking transmission of the viral particles
between intercellular junctions [137, 138], although other studies have proposed that it may
slow down clathrin-mediated endocytosis [139] as well as inhibit viral membrane fusion [140].
This could be useful since DAA-resistant HCV variants have been suggested to escape via cell-
to-cell transmission route [141]. Therefore, the choice of inhibitors exhibiting mechanistic effect
against both HCV cell-to-cell spread and cell-free entry, or a combination of such two types of
inhibitors, should facilitate viral clearance.

3.2.6. Additional candidate entry inhibitors

Some other molecules were found able to prevent the infection at different steps of HCV entry.
The estrogen receptor modulator tamoxifen [142] and HCV infectivity inhibitor 1 (HCV II-1 or
GS-563253) [143] were shown to inhibit the HCV infection at both attachment and post-binding
steps. HCV II-1 was also found capable of impeding infectious virion propagation [143]. HCV
entry inhibitor 1 (EI-1 or BJ486K), a flavonoid ladanein, was shown to interrupt the viral entry
at post-attachment stage [144]. The exact mechanisms of these molecules require further inves-
tigations. Other compounds such as serum amyloid A [145, 146], p7 ion channel-derived
peptide H2-3 [147], amphipathic DNA polymers [148], lactoferrins [149], tellimagrandin I and
its derivatives [150], indole derivatives [151], and imidazo[1,2α][1,8]naphthyridine derivatives
[152] were found able to inhibit HCV entry with mechanisms that remain to be clarified.

3.3. Control of HCV infection risks in human blood-derived therapeutic products

Many viruses can contaminate human blood. HCV, along with HIVand HBVare a major cause
of infectious complications of blood product transfusion therapy. HCV contamination in
patients by transfusion of blood components such as red blood cells, platelets or clinical
plasma, as well as industrial fractionated plasma products, has been well documented. At the
time of the “tainted blood scandal,” numerous recipients of blood components and hemophil-
iacs receiving plasma-derived factor VIII concentrates were contaminated through transfusion
of nonvirally inactivated products prepared from blood products that were not HCV-tested.
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HCV transmission through blood transfusion is a major medical issue, as infection can lead to
high risk of liver cirrhosis and eventually cancer complications.

3.3.1. HCV safety nets for blood components

There are now over 100 million whole blood donations collected each year in the world.
Collected blood is most often separated by “blood establishments” into red blood cell concen-
trates, platelet concentrates, and plasma that are transfused at nearby hospitals. Plasma, which
can be obtained from whole blood collection or drawn by specialized apheresis procedures,
can also be used as raw material for the production of “industrial” plasma protein products.
These protein drugs include immunoglobulins G (IgGs), various coagulation factors, albumin,
and many others. Industrial plasma products are manufactured from pools of plasma of
several thousand liters, making them statistically more susceptible to contamination by HCV
and other viruses as one highly infectious donation would contaminate the whole plasma pool
and potentially the derived products.

Today in developed economies benefiting from strict regulatory oversight, several measures
are in place to decrease the possibility for patients to acquire HCV by transfusion. Blood
transfusion HCV safety nets for blood components rely on complementary measures
encompassing (a) epidemiological control of the population, (b) individual screening of candi-
date blood donors to defer those identified as presenting potential risk factors, and (c) individ-
ual blood donation testing to identify and eliminate donations reactive to anti-HCV antibodies
and/or HCV RNA nucleic acid test (NAT) [153]. In technology-advanced countries applying
such procedures, this has allowed to decrease the risk of acquiring HCV by transfusion of
single blood components down to approximately 1 per 1.8 million. The remaining risk reflects
the inevitable presence of “window-phase” donations for which all markers to detect donor
infection by HCV, either indirect or direct, are found nonreactive [154, 155]. Understandably,
HCV transmission risks are substantially higher in less developed economies (a) lacking a safe
blood donor base, (b) relying on paid or "replacement" donors to increase the blood supply, (c)
with a deficient blood collection system, and (d) with a lack of reliable viral testing procedures
[6]. The ultimate barrier to avoiding HCV transmission risks from blood products collected
during the window-phase period relies on the implementation of dedicated viral reduction
treatments. Those have been developed for industrial plasma protein products, plasma for
transfusion, and platelet concentrates. Until now, however, no treatment is available commer-
cially for whole blood and red blood cell concentrates.

3.3.2. HCV reduction treatment of industrial plasma protein products

Development and implementation of dedicated viral/HCV reduction treatments of industrial
plasma protein products took place in the 1980s and early 1990s [156]. In the early 1980s,
albumin, a relatively heat-stable protein, was the only plasma product subjected to specific
HCV inactivation by heat treatment at 60 °C for 10 h in the liquid state (a process called
pasteurization), in the presence of fatty acid stabilizers. From the mid-1980s to the early
1990s, heat treatment of freeze-dried coagulation factors at 60–68 °C for 24–96 h or 80 °C for
72 h were developed to inactivate HIVand HCV concomitantly [156]. Although pasteurization
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has successfully been adapted to several plasma products (such as antithrombin and alpha 1-
antitrypsin), a milestone in the safety of industrial plasma products was the development of
the solvent/detergent (S/D) incubation procedure at 20–37 °C [157] designed to dissolve the
lipid envelope of viruses, including HCV, without affecting plasma protein functions. This
technique is still largely used for a wide range of industrial plasma products owing to well-
proven efficacy and a safety profile established by years of industrial and clinical practices
[158]. Other HCV viral inactivation treatments include low pH incubation and caprylic acid
precipitation/incubation of immunoglobulin products [159]. An additional milestone to
enhance plasma protein product safety is nanofiltration, a procedure of filtration of protein
solutions on 15–35 nm nanopore membrane devices designed to entrap and remove viruses
[160]. This dedicated virus removal methodology is well established, including for HCV, and is
currently applied to most plasma products [156]. Thanks to the implementation of such
reduction treatments, most often combined in a complementary manner at different stages of
the manufacturing process, no case of HCV transmission by industrial plasma products has
been reported since 1993 [154].

3.3.3. HCV reduction treatment applied to plasma and platelet concentrates for transfusion

3.3.3.1. Plasma

Several viral inactivation treatments of clinical plasma are licensed in various countries [161].
The S/D technology was adapted to 100–500 l of pooled industrial plasma in the early 1990s [162]
and demonstrated, prior to HCV identification, to efficiently inactivate non-A-non-B hepatitis
virus [163]. The removal of the S/D agents is typically achieved by oil extraction and column
hydrophobic interaction chromatography [162]. A miniaturized version of the S/D process using
a different detergent (Triton X-45 instead of Triton X-100) has been developed allowing its
implementation in single-use equipment, thereby facilitating its application in developing coun-
tries, such as Egypt, currently lacking industrial capacity [164]. The efficacy of such method to
inactivate HCV has been specifically demonstrated using an in vitro culture assay [165].

A procedure consisting in adding methylene blue and illuminating acellular plasma was
made available in the early 1990s [166]. The method leads to inactivation of free HCV
particles through photochemical alteration of nucleic acids and incapacity of replication
[154, 167].

Two other photoinactivation procedures of plasma have been licensed more recently. One com-
bines the addition of psoralen S-59 (amotosalen) with ultraviolet light A illumination [168]. The
other is based on the addition of riboflavin followed by UV irradiation [169]. These small
molecules can penetrate membranes and intercalate with helical regions of HCV nucleic acids.
Subsequent UV illumination irreversibly alters nucleic acids, making HCV particles unable to
replicate [154, 170].

3.3.3.2. Platelets

Development of HCV inactivation methods in cellular blood products in general, and platelet
concentrates in particular, has been more challenging due to the difficulty to inactivate
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intracellular viruses without affecting cell function for transfusion. The two photoinactivation
methods applied to plasma could nevertheless be adapted to the inactivation of HCV and
other viruses in platelet concentrates [170–172].

3.3.3.3. Cryoprecipitate

Cryoprecipitate, obtained by a freeze-thaw process of plasma, is rich in factor VIII, vonWillebrand
factor, and fibrinogen. This plasma fraction is still largely used in many developing countries for
substitution therapy in hemophilia A, von Willebrand factor disease, or fibrinogen deficiency,
respectively. The frequency of treatment of patients with congenital deficiency exposes them to a
high risk of infection in countries such as Egypt with a close to 10% HCV incidence [173, 174].
Similar mini-pool methods of HCV inactivation used for clinical plasma are applied to
cryoprecipitates [164].

3.3.3.4. Red blood cell concentrates and whole blood

No methodology is licensed yet for HCV inactivation in red blood cell concentrates or whole
blood. However, the riboflavin/UV pathogen reduction technology is being adapted to the
treatment of whole blood [175] and has been shown recently to contribute to lower the risk of
malaria transmission in a clinical study in Ghana [176]. It is still uncertain whether a pathogen
reduction technology can be developed to substantially inactivate HCV in whole blood or red
blood cell concentrates without detrimentally affecting their transfusion quality and function-
ality or immunogenic potential.

3.4. Therapeutic apheresis and passive immunotherapy

Additional methods of precluding HCV infection are to remove circulating virus through
therapeutic apheresis or attempting to neutralize HCV infectivity by administering plasma-
derived anti-HCV immunoglobulins. These strategies are aimed at reducing the infectious
viral load and have been explored in clinical trials.

3.4.1. Therapeutic apheresis for the removal of HCV virions

Therapeutic apheresis is the process of transiently circulating the blood outside the body and
removing the components causing particular diseases by membrane separation and adsorp-
tion separation technologies. In the case of HCV, immunoadsorption apheresis was first
applied to treat the chronic hepatitis C-related cryoglobulinemia that causes autoimmune
symptoms [177]. The technique of heparin-induced extracorporeal LDL precipitation (HELP)
apheresis, which could eliminate apolipoprotein B-containing lipoproteins, was then discov-
ered to reduce HCV viral load [178]; however, the decline was found not correlated with
LDL reduction in plasma and appeared to be transient due to the high turnover rate of HCV
[179]. Studies using combination therapy of antiviral agents and double-filtration plasma-
pheresis (DFPP) that selectively removes substances with high molecular weight including
HCV particles and therefore, happened to display better effects of suppressing the viral
kinetics and therefore have been substantially explored during the past decade. Patients
who underwent the prophylactic combination treatment of low-dose IFN, ribavirin, and
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DFPP had no evidence of HCV recurrence or fibrosing cholestatic hepatitis exacerbation for
more than 1 year after liver transplantation [180]. Combination of DFPP and IFN also
achieved impressive SVR in difficult-to-treat patients (i.e., relapsed, nonresponder, or HIV-
coinfected patients) [181–184] and may also be safe for the elderly population [185]. How-
ever, the approach of apheresis for decreasing HCV viral load requires specialty equipment
and possesses potential risk of adverse events (e.g., blood pressure lowering, puncture site
hematoma, or infection) [181, 185].

3.4.2. Passive immunotherapy using plasma-derived polyclonal HCV immunoglobulins

Passive immunotherapy, also known as antibody therapy, is a very well-established treat-
ment based on the administration of polyclonal hyperimmune immunoglobulins extracted
from plasma or mAbs prepared by genetic engineering technologies. One application of
passive immunity is to prevent or treat infections due to viruses or to reduce the pathologies
associated with bacterial or venom toxins. Human immunoglobulins for passive immuno-
therapy are fractionated from the plasma of immunized donors having high-titer antibodies
against a particular organism or antigen. For the fractionation process, plasma donations
from hundreds or thousands of donors are pooled and subjected to various purification and
viral inactivation steps, as described in this chapter, to isolate an essentially pure Ig prepa-
ration [159, 186]. Current human plasma-derived hyperimmune globulin products are used
for the prophylaxis and treatment of viral diseases due to hepatitis B virus (HBV), rabies
virus, cytomegalovirus, hepatitis A virus, or respiratory syncytial virus [187]. Human
plasma-derived polyclonal hepatitis B immunoglobulin for intravenous use has been made
available commercially for over 20 years in some countries. These licensed preparations are
efficacious to predictably prevent HBV recurrence after liver transplantation and vertical
HBV transmission from mother to child and are used as prophylactic treatment to prevent
infection following contact with HBV-contaminated body fluids [188].

The possibility to use polyclonal HCV immunoglobulin to treat or prevent HCV infection has
been proposed for many years [189], but no commercial preparation is available yet as it is not
proven whether such immunoglobulin can prevent HCV infection or control viremia in
infected patients. The rationale in polyclonal HCV immunoglobulins made from large pool of
plasma units is to have a preparation that contains neutralizing antibodies to various strains of
HCV [189]. However, the presence of neutralizing antibodies has been unclear initially as their
presence in plasma was just considered to reflect the occurrence of an infection. Data have
suggested that HCV-neutralizing antibodies exist in anti-HCV-positive plasma, but the anti-
HCV antibody titer does not correlate with neutralizing capacity [190]. In vitro and animal
experiments in a mice model have nevertheless suggested the presence of neutralizing anti-
bodies in polyclonal IgG from a patient with a long-standing HCV infection [191]. A clinical
study was initiated in the USA to evaluate the capacity of polyclonal plasma-derived HCV
immunoglobulins to “prevent post-transplantation HCV infection of the liver graft and related
progression of HCV-related liver disease.” This clinical trial was “designed to evaluate a
polyclonal human hepatitis C immune globulin given during and post liver transplantation
for preventing or reducing the impact of recurrent HCV infection” [192]. However the trial was
terminated in 2012 after treatment of seven patients (five receiving the immunoglobulins and
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two standard-of-care treatment alone) and no data reported. A new trial has begun in 2013 and
was recently completed [193]. It is unclear whether plasma-derived polyclonal HCV immuno-
globulin will be developed. If this occurs, clear donor screening and donation testing criteria
should be defined to determine the specifications of the plasma donations suitable for fraction-
ation, as well as the fractionation methodology itself to exclude any infectious risks from the
fractionation of plasma donations. It should be noted that several mAbs for clinical use in
HCV-infected patients have been proposed and one has undergone a clinical trial [190]. The
future will indicate whether any HCV immunoglobulin, either polyclonal or monoclonal, has a
role to play in the control of HCV infection.

4. Prospects of targeting HCVentry in clinical setting

Treatment options against hepatitis C have significantly improved owing to recent advances in the
development of anti-HCV therapeutics. Nevertheless, there is still much room for improvement
due to potential drug resistance and possibility of viral rebound, which usually require long
periods of monitoring and analysis to uncover. More importantly, there is currently no immuniza-
tion or prophylactic treatment against hepatitis C. Introducing novel antivirals with a different
mode of action, such as targeting viral entry using mAbs or small molecules, not only helps
expand the spectrum of anti-HCV drugs but also in developing novel treatment modalities. Many
of the mAbs targeting HCV receptors/coreceptors as well as small-molecule inhibitors of HCV
entry impede both viral attachment and cell-to-cell transmission; this is useful in providing
protection against de novo infection and at the same time in helping restrict viral spread. The
inclusion of viral entry inhibitors to current DAAs has already been shown to produce synergistic
treatment effect [9]. Furthermore, taking a multistep targeting approach would help elevate the
genetic barrier against selection of resistant variants, thus facilitating viral clearance. Finally, the
advantage of developing entry inhibitors is its potential prophylactic application against hepatitis
C, which is particularly useful in protecting liver allografts from recurrent HCV infection. Other
protective measures of hepatitis C transmission in clinical scenarios include implementation of
viral inactivationmethods for the removal of HCV infectivity in therapeutic plasma products [165].
In addition, therapeutic apheresis [180] and protective anti-HCV immunoglobulins [192, 193] have
also been suggested for prevention of HCVreinfection in liver transplant patients. In the absence of
an approved hepatitis C vaccine, these approaches could be explored as preventive and prophy-
lactic measures against HCV infection. With the above-described strategies to preclude HCVentry,
it is foreseeable, in a not-too-distant future, that these tactics under development will help provide
a better management of chronic and recurrent hepatitis C, particularly in liver transplant setting.
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Abstract

The advancement in hepatitis C virus (HCV) therapeutics has been profoundly enhanced 
by an improved understanding of viral life cycle in host cells, development of novel 
direct-acting antivirals (DAAs), and exploring other emerging treatment paradigms 
on the horizon. The approvals of first-, second-, and next-wave direct-acting antivirals 
highlight the swift pace of progress in the successful development of an expanding vari-
ety of therapeutic regimens for use in patients with chronic hepatitis C virus infection. 
Triple or quadruple therapies based on a combination of different direct-acting anti-
virals with or without pegylated interferon (IFN) and ribavirin (RBV) have raised the 
hopes to improve the current treatment strategies for other difficult-to-treat individuals. 
The development of more efficacious, well-tolerated, and cost-effective interferons with 
a low frequency of adverse events and short treatment durations is also in the pipeline. 
An experimental protective vaccine against hepatitis C virus demonstrated promise in 
preliminary human safety trials, and a larger phase II clinical trials are under consid-
eration to further determine the efficacy of the vaccine. This pragmatic book chapter 
discusses the current state of knowledge in hepatitis C virus therapeutics and provides 
a conceptual framework of emerging and investigational treatment strategies directed 
against this silent epidemic.
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1. Introduction

Afflicting around 170 million people worldwide, hepatitis C virus (HCV) infection represents 
a disease of significant global impact. The regional prevalence for HCV varies substantially 
around the world, where the infection presents the state of universal coverage in East and 
South Asia (e.g., in Egypt, the prevalence is as high as 22 %) to no access at all to  others 
(i.e., some North American and European countries) [1, 2]. The new incidents of chronic 
HCV infection are increasing 3–4 million every year without previous ascertainment of HCV 
risk, and it seems tough to determine because many acute HCV cases are not noticed clini-
cally [2, 3]. Analogously, acute HCV infection, a multifaceted disease is often asymptom-
atic or sometimes linked with nonspecific symptoms that lead to chronic hepatitis C in 80 % 
of infected individuals [4]. Chronic HCV-infected patients may at high risk of developing 
HCV-associated liver diseases (fibrosis, cirrhosis, and hepatocellular carcinoma) if not treated 
timely, and infection persists for an extended time [5]. The morbidity and the mortality rate 
is rising unexpectedly in developing world and even in resource-replete countries (e.g., the 
United States and the United Kingdom), where more patients are now dying from HCV and 
associated hepatic diseases (e.g., hepatocellular carcinoma) than HIV [6].

Pegylated interferon alpha (PEG-IFNα) and weight-based nucleoside analog ribavirin (RBV) 
were recommended as “gold standard of care” more than a decade and still considered an inte-
gral part of some newly developed anti-HCV direct-acting antiviral therapeutic  regimens [2]. 
The therapy is used in combination to attain a sustained virologic response rate (SVR; HCV 
RNA undetectable after 6-month treatment completion) in acute and chronic HCV-infected 
individuals [2, 7]. The SVR rates achieve up to 80 % in HCV genotype 3-infected patients and 
not more than 50–60 % of genotype 1- and 4-infected patients [2, 7]. At present, less than 10 % 
of patients with chronic HCV have been treated successfully because of the failure of risk-based 
screening to identify all infected patients and the low efficacy and high rate of side effects from 
regimens based on IFN and RBV [2, 8]. By this token then, PEG-IFN/RBV has proven an inef-
fective means of managing the HCV infection burden. It is highly significant then that we 
stand today, at the cusp of a pharmacological revolution.

The current therapeutic approaches in the pipeline to coup HCV infection are the develop-
ment of novel direct-acting antivirals (DAAs), which directly target viral genome via covalent 
or non-covalent interactions and disrupt HCV replication and translation [9]. The most widely 
studied direct-acting antivirals are protease inhibitors (PIs), NS5A inhibitors, and polymerase 
inhibitors which inhibit HCV translation and replication, respectively, by achieving higher 
sustained virologic response rates (SVR) with or without PEG-IFNα/RBV in treated patients 
(Table 1) [10]. Two first-generation protease inhibitors (i.e., telaprevir (TLV) and boceprevir 
(BOC)) were approved by the United States (US) Food and Drug Administration (FDA) in 
2011 to treat chronic HCV genotype 1 infection [11]. Simeprevir classified as second-gener-
ation protease inhibitor got approval in 2013 to treat chronic HCV genotype 1 populations, 
and sofosbuvir (SOF) (a viral RNA-dependent RNA polymerase inhibitor) was also recom-
mended in the same year to treat chronic HCV genotype 1-, 2-, 3 and 4-infected patients [11]. 
These innovative treatment regimens have revolutionized the field of HCV medicine and 
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Drug name Drug 
efficacya

Drug-resistance 
barrierb

Pan-genotype 
coveragec

Adverse 
effectsd

Drug-drug 
interactionse

Development 
phase

Target site

(1) Protease inhibitors

Telaprevir ++ + + +++ +++ Discontinued NS3/4A Serine 
protease

Boceprevir ++ + + ++ ++ Discontinued NS3/4A Serine 
protease

Simeprevir +++ ++ ++ + ++ Approved NS3/4A Serine 
protease

Simeprevir 
plus 
sofosbuvir

+++ ++ ++ + ++ Approved NS3/4A Serine 
protease/NS5B 
Inhibitor

Faldaprevir ++ +++ ++ + + + Withdraw NS3/4A Serine 
protease

Asunaprevir ++ +++ + ++ + Phase III 
clinical trials

NS3/4A Serine 
protease

Danoprevir ++ ++ + ++ + Phase III 
clinical trials

NS3/4A Serine 
protease

Vaniprevir ++ + + ++ + Phase III 
clinical trials

NS3/4A Serine 
protease

(2) NS5A inhibitors

Daclatasvir +++ ++ ++ + + Approved NS5A inhibitors

Daclatasvir 
plus 
sofosbuvir

+++ ++ ++ + + Approved NS5A inhibitors/
NS5B inhibitors

(3) RNA-dependent RNA polymerase inhibitors (NS5B inhibitors)

(3.1) Nucleoside analog inhibitors (NIs)

Sofosbuvir +++ +++ +++ + + Approved NS5B inhibitors

Sofosbuvir 
plus ledipasvir

+++ +++ +++ + + Approved NS5B inhibitors/
NS5A inhibitors

Sofosbuvir 
plus 
velpatasvir

+++ +++ +++ + + Approved NS5B inhibitors/
NS5A inhibitors

Elbasvir plus 
grazoprevir

+++ ++ +++ ++ ++ Approved NS3-4A Serine 
protease/NS5A 
Inhibitor

Mericitabine +++ +++ ++ + + Phase III 
clinical trials

NS5B inhibitors

Paritaprevir 
ombitasvir-
ritonavir and 
dasabuvir 
combination

+++ +++ ++ + + Approved NS3-4A Serine 
protease/NS5A 
Inhibitor/NNIs
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 provided optimism that cure rates in chronically infected HCV patients have much improved 
with these new drugs.

From 2015, HCV therapy has achieved higher response rates, fewer contraindications, shorter 
durations, and greater tolerability after the approval of interferon-free antiviral therapies. 
All oral interferon-free therapeutic regimens directed against hepatitis C virus are shown to 
be highly effective in the entire spectrum of patient populations, including the previously 

Drug name Drug 
efficacya

Drug-resistance 
barrierb

Pan-genotype 
coveragec

Adverse 
effectsd

Drug-drug 
interactionse

Development 
phase

Target site

(3.2) Non-nucleoside analog inhibitors (NNIs)

Tegobuvir ++ + ++ ++ + Phase II 
clinical trials

NS5B/NNI site 1/
thumb 1

Setrobuvir ++ +++ + + + Phase II 
clinical trials

NS5B/NNI site 1/
thumb 1

Filibuvir ++ ++ + + + Phase II 
clinical trials

NS5B/NNI site 2/
thumb 2

BMS-791325 ++ ++ + + + Phase II 
clinical trials

NS5B/NNI site 4/
palm 1

(4) Interferon derivatives

Consensus 
interferon

+ - ++ +++ − Approved Type 1 interferon

Interferon 
lambda

+++ − − + + Phase II 
clinical trials

Type 1 interferon 
receptors

(5) HCV vaccines

ChronVac-C − − − − − Phase I/II 
clinical trials

−

GI-5005 − − − − − Phase II 
clinical trials

−

TG4040 − − − − − Phase I clinical 
trials

−

ChAd3/MVA − − − − − Phase I/II 
clinical trials

−

a Drug efficacy profile was based on the overall SVR rates achieved in phase II/III clinical trials where SVRs > 95 % = high 
profile, SVRs > 90 % = average profile, and SVRs > 85–90 % = low profile.

b Drug-resistance barrier profile is based upon the clinical data registered to clinicaltrials.gov.
c Pan-genotypic coverage was based on the fact that the DAA combination was therapeutically effective against 1–6 

genotypes = high profile, two/three genotypes = average profile, and one genotype > = low profile.
d Adverse event (AE) profile was accomplished on the basis of percentage occurrence of adverse effects in phase II/III 

clinical trials which caused treatment discontinuation in treated individuals, where 10 % AEs > high profile, 10→5 % 
AEs > average profile, and 5→0 % AEs > low profile.

e Drug-drug interaction profile was established on the basis of the DAA ability to induce/inhibit hepatic cytochrome 
P450 system, P-glycoprotein (P-gp), and organic anion-transporting polypeptide (OATP) induction/inhibition. CYP 
450, P-gp, and OATP induction/inhibition = high profile, P-gp and OATP induction/inhibition = average profile, and 
one or none of these CYP 450 or P-gp or OATP inductions/inhibitions = low profile.

 High profile = +++, average profile = ++, and low profile = +

Table 1. The most promising direct-acting antivirals against HCV with their therapeutic activity profile, current stage of 
development, and targeted active sites.
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difficult-to-treat “special” situations (e.g., HCV subtype 1a patients with resistance-associated 
amino acid variants (RAVs), partial or null responders to first-generation protease and PEG-
IFN/RBV-based triple therapies, decompensated cirrhosis, IL28 polymorphism, chronic kid-
ney diseases, and HCV/HIV-coinfected patients). These revolutionary drug strategies now 
incorporate a cocktail of agents blended to take advantage of the synergistic mechanism of 
action. With these patient-friendlier attributes, the demand for treatment will conceivably 
reach unprecedented heights, but will health services be able to match this demand with 
supply? HCV antiviral therapy is not cheap; the current going rate, which new therapies 
are likely to exceed, stands at approximately US $ 80,000–100,000 per treatment course. So 
with more than 170 million people living with chronic infection around the world, clearly we 
 cannot afford at least immediately to treat everyone.

On the other hand, treatment-emergent adverse events (e.g., risk of developing hepatocel-
lular carcinoma and adverse cardiovascular effects) in treated individuals are also posing 
some serious challenges to the newly developed DAAs. The developers of prophylactic or 
protective vaccines have faced the most difficult challenges of rapid mutation rate (10−5 to 10−4 
nucleotides per HCV replication cycle) and remarkable genetic heterogeneity of the virus in 
experimental trials [12,13]. It is beyond the scope of this article to cover every anti-HCV drug 
studies in details, so we primarily focus on FDA-approved direct-acting antivirals whose clin-
ical efficacies have proven against chronic HCV both in vitro and in vivo (Table 1). We also 
highlight some interferon derivatives and investigational HCV vaccine models which mark 
the recent trends and new paradigms in the treatment strategies against HCV (Table 1).

2. Potential active sites for anti-HCV agents

HCV replication and translation into the cytoplasm of host cells facilitate the direct exposure 
of direct-acting antivirals to their targeted active sites [14]. Moreover, the direct-acting antivi-
rals are structure specific to their targeted active sites (Figure 1) [15]. Viral-encoded proteases 
(e.g., NS3/4A serine protease), HCV replication complex (NS5A), and viral RNA-dependent 
RNA polymerase (RdRp; NS5B) enzyme are the core targeted sites for the first-, second-, and 
next-wave direct-acting antivirals (Figure 1) [16]. Viral attachment and entry into the host cell, 
viral assembly, packaging, and virion release are the less specific anti-HCV drug targets but 
still important to develop novel anti-HCV compounds with promising therapeutic activity 
(Figure 1) [17]. NS3/4A inhibitors inhibit viral translation by disrupting the downstream poly-
protein processing of HCV genome. NS5B inhibitors obstruct HCV replication by blocking the 
addition of further nucleotide in growing mRNA chain (Figure 1) [15]. NS5A inhibitors prevent 
the formation of a membranous web structure which is crucial for HCV replication [16]. Viral 
assembly and packaging are disturbed by host-targeting agents which target a host-encoded 
enzyme responsible for viral assembly [18]. Cyclophilin (nonimmune suppressive cyclospo-
rins) inhibitors block the interaction of cyclophilin (a family of a highly conserved cellular 
peptidylprolyl isomerase involved in protein folding and  trafficking) with other HCV proteins 
to prevent the formation of a functional replication complex (Figure 1) [17]. α-Glucosidase 
inhibitors interrupt the release of newly formed viral particles from the host cells [17]. Some 
immunoglobulins (i.e., monoclonal and polyclonal antibodies) prevent the viral attachment 
and entry into host cells, but their therapeutic benefits are not highly significant [11].
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3. NS3-4A serine protease inhibitors

3.1. First-generation protease inhibitors

Telaprevir and boceprevir represent the first in class of direct-acting antivirals or more 
correctly the first-generation protease inhibitors which were approved by the US FDA in 
2011 for the treatment of genotype 1 hepatitis C infection. Telaprevir (TLV, Incivek®) is an 
orally bioavailable, a peptidomimetic NS3-4A protease inhibitor, which forms a revers-
ible covalent bond with NS3/4A serine protease and impedes downstream HCV polypro-
tein  processing [19]. The therapy was recommended along with PEG-IFN α and RBV for 
treatment-naïve genotype 1 adult patients with associated liver diseases, in null responders 
(i.e., HCV RNA decline <2 log10 at week 12 during PEG-IFN α plus RBV therapy), in poor 
or partial responders (HCV RNA decline ≥2 log10 at week 12 but positive at week 24 dur-
ing PEG-IFN α plus RBV therapy), and in the relapsers (HCV RNA negative at the end of 
treatment but recurrence of HCV RNA during the follow-up of 6 months) of PEG-IFN α 
plus RBV dual therapy [20]. The therapeutic efficacy was evaluated in a series of multi-
center phase II and III clinical trials named as PROVE 1, PROVE 2, PROVE 3, ADVANCE, 
ILLUMINATE, and REALIZE (Table 2) [20]. The overall SVR rates were achieved from 60 
to 90 % in treated patients. However, TLV monotherapy and suboptimal doses resulted in 

Figure 1. Potential active sites for direct-acting antivirals against hepatitis C virus. NS3/4A serine protease, NS5A 
replication complex, and RNA-dependent RNA polymerase are the key targeted sites for anti-HCV drug development. 
Some other anti-HCV drug targets have also been demonstrated by the investigators including viral attachment and 
entry into host cells, host-targeting agents, and α-glucosidase. However, these drug targets are less specific but still 
significant to develop novel anti-HCV agents. Direct-acting antivirals according to their target specificity are also 
enlisted in and rectangular square boxes in the figure. NIs, nucleoside analog inhibitors; NNIs, non-nucleoside analog 
inhibitors; CLDN1, claudin 1; OCLN, occludin.

Advances in Treatment of Hepatitis C and B290



3. NS3-4A serine protease inhibitors

3.1. First-generation protease inhibitors

Telaprevir and boceprevir represent the first in class of direct-acting antivirals or more 
correctly the first-generation protease inhibitors which were approved by the US FDA in 
2011 for the treatment of genotype 1 hepatitis C infection. Telaprevir (TLV, Incivek®) is an 
orally bioavailable, a peptidomimetic NS3-4A protease inhibitor, which forms a revers-
ible covalent bond with NS3/4A serine protease and impedes downstream HCV polypro-
tein  processing [19]. The therapy was recommended along with PEG-IFN α and RBV for 
treatment-naïve genotype 1 adult patients with associated liver diseases, in null responders 
(i.e., HCV RNA decline <2 log10 at week 12 during PEG-IFN α plus RBV therapy), in poor 
or partial responders (HCV RNA decline ≥2 log10 at week 12 but positive at week 24 dur-
ing PEG-IFN α plus RBV therapy), and in the relapsers (HCV RNA negative at the end of 
treatment but recurrence of HCV RNA during the follow-up of 6 months) of PEG-IFN α 
plus RBV dual therapy [20]. The therapeutic efficacy was evaluated in a series of multi-
center phase II and III clinical trials named as PROVE 1, PROVE 2, PROVE 3, ADVANCE, 
ILLUMINATE, and REALIZE (Table 2) [20]. The overall SVR rates were achieved from 60 
to 90 % in treated patients. However, TLV monotherapy and suboptimal doses resulted in 

Figure 1. Potential active sites for direct-acting antivirals against hepatitis C virus. NS3/4A serine protease, NS5A 
replication complex, and RNA-dependent RNA polymerase are the key targeted sites for anti-HCV drug development. 
Some other anti-HCV drug targets have also been demonstrated by the investigators including viral attachment and 
entry into host cells, host-targeting agents, and α-glucosidase. However, these drug targets are less specific but still 
significant to develop novel anti-HCV agents. Direct-acting antivirals according to their target specificity are also 
enlisted in and rectangular square boxes in the figure. NIs, nucleoside analog inhibitors; NNIs, non-nucleoside analog 
inhibitors; CLDN1, claudin 1; OCLN, occludin.

Advances in Treatment of Hepatitis C and B290

R
ef

er
en

ce
d 

cl
in

ic
al

 s
tu

di
es

Tr
ia

ls
 n

am
e/

ph
as

e
±P

EG
-I

FN
/R

B
V

T
re

at
m

en
t-

na
ïv

e 
pa

ti
en

t
T

re
at

m
en

t-
ex

pe
ri

en
ce

d
G

en
ot

yp
e 

co
ve

ra
ge

N
C

T
#

O
ve

ra
ll

 S
V

R

(1
) N

S3
-4

A
 s

er
in

e 
pr

ot
ea

se
 in

hi
bi

to
rs

(1
.1

) K
et

oa
m

id
e 

de
ri

va
ti

ve
 in

hi
bi

to
rs

Te
la

pr
ev

ir

M
cH

ut
ch

is
on

 et
 a

l.,
 [1

16
]

PR
O

V
E-

1
+

+
−

1
N

C
T0

03
36

47
9

PR
O

V
E-

1 
= 

61
 %

H
ez

od
e 

et
 a

l.,
 [1

15
]

PR
O

V
E-

2
+

+
−

1
N

C
T0

03
72

38
5

PR
O

V
E-

2 
= 

69
 %

M
cH

ut
ch

is
on

 et
 a

l.,
 [1

17
]

PR
O

V
E-

3
+

−
+

1
N

C
T0

04
20

78
4

PR
O

V
E-

3 
= 

53
 %

Ja
co

bs
on

 et
 a

l.,
 [1

18
]

A
D

VA
N

C
E

+
+

−
1

N
C

T0
06

27
92

6
A

D
VA

N
C

E 
= 

69
 %

Sh
er

m
an

 et
 a

l.,
 [1

19
]

IL
LU

M
IN

A
TE

+
+

−
1

N
C

T0
07

58
04

3
IL

LU
M

IN
A

TE
 =

 9
2 

%

Z
eu

ze
m

 et
 a

l.,
 [1

20
]

R
EA

LI
Z

E
+

−
+

1
N

C
T0

07
03

11
8

R
EA

LI
Z

E 
= 

66
 %

B
oc

ep
re

vi
r

K
w

o 
et

 a
l.,

 [1
21

]
SP

R
IN

T-
1

+
−

+
1

N
C

T0
04

23
67

0
SP

R
IN

T-
1 

= 
75

 %

Po
or

da
d 

et
 a

l.,
 [1

22
]

SP
R

IN
T-

2
+

+
−

1
N

C
T0

07
05

43
2

SP
R

IN
T-

2 
= 

68
 %

Ba
co

n 
et

 a
l.,

 [1
23

]
R

ES
PO

N
D

-2
+

−
+

1
N

C
T0

07
08

50
0

R
ES

PO
N

D
-2

 =
 6

5 
%

(1
.2

) T
ri

pe
pt

id
e 

or
 m

ac
ro

cy
cl

ic
 in

hi
bi

to
rs

Si
m

ep
re

vi
r

Ja
co

bs
on

 et
 a

l. 
[2

1]
Q

U
ES

T-
1

+
+

−
1

N
C

T0
12

89
78

2
Q

U
ES

T-
1 

= 
80

–9
0 

%

M
an

ns
 et

 a
l.,

 [1
24

]
Q

U
ES

T-
2

+
+

−
1

N
C

T0
12

90
67

9
Q

U
ES

T-
2 

= 
67

–8
0 

%

Fo
rn

s 
et

 a
l.,

 [1
25

]
PR

O
M

IS
E

+
−

+
1

N
C

T0
12

81
83

9
PR

O
M

IS
E 

= 
79

 %

M
or

en
o 

et
 a

l.,
 [1

26
]

R
ES

TO
R

E
+

+
+

4
N

C
T0

15
67

73
5

R
ES

TO
R

E 
= 

66
 %

Si
m

ep
re

vi
r a

nd
 s

of
os

bu
vi

r c
om

bi
na

ti
on

La
w

itz
 et

 a
l.,

 [1
09

]
C

O
SM

O
S

±R
BV

+
+

1
N

C
T0

14
66

79
0

O
ve

ra
ll 

SV
R

 =
 9

0–
94

 %

K
w

o 
et

 a
l. 

[2
2]

O
PT

IM
IS

T-
1

-
+

+
1

N
C

T0
21

14
17

7
O

ve
ra

ll 
SV

R
 =

 9
7 

%

La
w

itz
 et

 a
l. 

[2
3]

O
PT

IM
IS

T-
2

−
+

+
1

N
C

T0
21

14
15

1
O

ve
ra

ll 
SV

R
 =

 8
3 

%

Hepatitis C Virus Infection Treatment: Recent Advances and New Paradigms in the Treatment Strategies
http://dx.doi.org/10.5772/65873

291



R
ef

er
en

ce
d 

cl
in

ic
al

 s
tu

di
es

Tr
ia

ls
 n

am
e/

ph
as

e
±P

EG
-I

FN
/R

B
V

T
re

at
m

en
t-

na
ïv

e 
pa

ti
en

t
T

re
at

m
en

t-
ex

pe
ri

en
ce

d
G

en
ot

yp
e 

co
ve

ra
ge

N
C

T
#

O
ve

ra
ll

 S
V

R

(2
) N

S5
A

 in
hi

bi
to

rs

D
ac

la
ta

sv
ir

Ph
as

e 
II

I
+

+
+

1-
6

−
O

ve
ra

ll 
SV

R
s 

= 
59

–1
00

 %

H
ez

od
e 

et
 a

l. 
[2

4]
C

O
M

M
A

N
D

-1
+

+
−

1/
4

N
C

T0
11

25
18

9
G

T1
 (2

0 
m

g)
 =

 6
5 

%

G
T1

 (6
0 

m
g)

 =
 9

0 
%

G
T4

 (2
0 

m
g)

 =
 7

5 
%

G
T4

 (6
0 

m
g)

 =
 1

00
 %

H
ez

od
e 

et
 a

l. 
[2

4]
C

O
M

M
A

N
D

-4
+

+
−

4
N

C
T0

14
48

04
4

C
O

M
M

A
N

D
-4

 =
 8

2–
86

 %

D
ac

la
ta

sv
ir

 a
nd

 s
of

os
bu

vi
r c

om
bi

na
ti

on

Po
or

da
d 

et
 a

l. 
[2

5]
A

LL
Y

-1
±R

BV
+

+
1/

3
N

C
T0

20
32

87
5

G
T1

 (c
ir

rh
ot

ic
s)

 =
 8

3 
%

G
T1

(p
os

ttr
an

sp
la

nt
) =

 9
5 

%

G
T3

 =
 8

8%

Su
lk

ow
sk

i e
t a

l.,
 [1

10
]

A
14

44
04

0
±R

BV
+

+
1/

3
N

C
T0

13
59

64
4

G
T3

 T
.N

 =
 8

9 
%

G
T2

 T
.N

 =
 9

2 
%

G
T1

 T
. N

 =
 9

8 
%

G
T1

T.
 E

 =
 9

8 
%

W
yl

es
 et

 a
l. 

[2
6]

A
LL

Y
-2

−
+

+
1/

4
N

C
T0

20
32

88
8

G
T1

/4
 T

.N
 (1

2 
w

ee
ks

) =
 9

7 
%

G
T1

/4
 T

.N
 (8

 w
ee

ks
) =

 7
6 

%

G
T1

/4
 T

.E
 (1

2 
w

ee
ks

) =
 9

8 
%

N
el

so
n 

et
 a

l. 
[2

7]
A

LL
Y

-3
−

+
+

3
N

C
T0

20
32

90
1

G
T3

 T
. N

 =
 9

0 
%

G
T3

 T
. E

 =
 8

6 
%

Le
ro

y 
et

 a
l. 

[2
8]

A
LL

Y
-3

+
±R

BV
+

+
3

−
G

T3
 T

. N
 (1

2 
w

ee
ks

) =
 8

8 
%

G
T3

 T
. E

 (1
6 

w
ee

ks
) =

 9
2 

%

D
ac

la
ta

sv
ir

 a
su

na
pr

ev
ir

 a
nd

 b
ec

la
bu

vi
r c

om
bi

na
ti

on

Po
or

da
d 

et
 a

l. 
[2

9]
U

N
IT

Y
-1

−
+

+
1

N
C

T0
19

79
93

9
G

T1
 T

.N
 =

 9
2 

%

Advances in Treatment of Hepatitis C and B292



R
ef

er
en

ce
d 

cl
in

ic
al

 s
tu

di
es

Tr
ia

ls
 n

am
e/

ph
as

e
±P

EG
-I

FN
/R

B
V

T
re

at
m

en
t-

na
ïv

e 
pa

ti
en

t
T

re
at

m
en

t-
ex

pe
ri

en
ce

d
G

en
ot

yp
e 

co
ve

ra
ge

N
C

T
#

O
ve

ra
ll

 S
V

R

(2
) N

S5
A

 in
hi

bi
to

rs

D
ac

la
ta

sv
ir

Ph
as

e 
II

I
+

+
+

1-
6

−
O

ve
ra

ll 
SV

R
s 

= 
59

–1
00

 %

H
ez

od
e 

et
 a

l. 
[2

4]
C

O
M

M
A

N
D

-1
+

+
−

1/
4

N
C

T0
11

25
18

9
G

T1
 (2

0 
m

g)
 =

 6
5 

%

G
T1

 (6
0 

m
g)

 =
 9

0 
%

G
T4

 (2
0 

m
g)

 =
 7

5 
%

G
T4

 (6
0 

m
g)

 =
 1

00
 %

H
ez

od
e 

et
 a

l. 
[2

4]
C

O
M

M
A

N
D

-4
+

+
−

4
N

C
T0

14
48

04
4

C
O

M
M

A
N

D
-4

 =
 8

2–
86

 %

D
ac

la
ta

sv
ir

 a
nd

 s
of

os
bu

vi
r c

om
bi

na
ti

on

Po
or

da
d 

et
 a

l. 
[2

5]
A

LL
Y

-1
±R

BV
+

+
1/

3
N

C
T0

20
32

87
5

G
T1

 (c
ir

rh
ot

ic
s)

 =
 8

3 
%

G
T1

(p
os

ttr
an

sp
la

nt
) =

 9
5 

%

G
T3

 =
 8

8%

Su
lk

ow
sk

i e
t a

l.,
 [1

10
]

A
14

44
04

0
±R

BV
+

+
1/

3
N

C
T0

13
59

64
4

G
T3

 T
.N

 =
 8

9 
%

G
T2

 T
.N

 =
 9

2 
%

G
T1

 T
. N

 =
 9

8 
%

G
T1

T.
 E

 =
 9

8 
%

W
yl

es
 et

 a
l. 

[2
6]

A
LL

Y
-2

−
+

+
1/

4
N

C
T0

20
32

88
8

G
T1

/4
 T

.N
 (1

2 
w

ee
ks

) =
 9

7 
%

G
T1

/4
 T

.N
 (8

 w
ee

ks
) =

 7
6 

%

G
T1

/4
 T

.E
 (1

2 
w

ee
ks

) =
 9

8 
%

N
el

so
n 

et
 a

l. 
[2

7]
A

LL
Y

-3
−

+
+

3
N

C
T0

20
32

90
1

G
T3

 T
. N

 =
 9

0 
%

G
T3

 T
. E

 =
 8

6 
%

Le
ro

y 
et

 a
l. 

[2
8]

A
LL

Y
-3

+
±R

BV
+

+
3

−
G

T3
 T

. N
 (1

2 
w

ee
ks

) =
 8

8 
%

G
T3

 T
. E

 (1
6 

w
ee

ks
) =

 9
2 

%

D
ac

la
ta

sv
ir

 a
su

na
pr

ev
ir

 a
nd

 b
ec

la
bu

vi
r c

om
bi

na
ti

on

Po
or

da
d 

et
 a

l. 
[2

9]
U

N
IT

Y
-1

−
+

+
1

N
C

T0
19

79
93

9
G

T1
 T

.N
 =

 9
2 

%

Advances in Treatment of Hepatitis C and B292

R
ef

er
en

ce
d 

cl
in

ic
al

 s
tu

di
es

Tr
ia

ls
 n

am
e/

ph
as

e
±P

EG
-I

FN
/R

B
V

T
re

at
m

en
t-

na
ïv

e 
pa

ti
en

t
T

re
at

m
en

t-
ex

pe
ri

en
ce

d
G

en
ot

yp
e 

co
ve

ra
ge

N
C

T
#

O
ve

ra
ll

 S
V

R

G
T1

 T
.E

 =
 8

9 
%

M
ui

r e
t a

l. 
[3

0]
U

N
IT

Y
-2

±R
BV

+
+

1
N

C
T0

19
73

04
9

G
T1

 T
.N

 =
 9

3–
98

 %

G
T1

 T
.E

 =
 8

7–
93

 %

Le
di

pa
sv

ir
 a

nd
 s

of
os

bu
vi

r c
om

bi
na

ti
on

A
fd

ha
l e

t a
l. 

[3
1]

IO
N

-1
±R

BV
+

−
1

N
C

T0
17

01
40

1
IO

N
-1

 =
 9

7–
99

 %

A
fd

ha
l e

t a
l. 

[3
1]

IO
N

-2
±R

BV
−

+
1

N
C

T0
17

68
28

6
IO

N
-2

 =
 9

4–
96

 %

K
ow

de
ly

 et
 a

l.,
 [1

11
]

IO
N

-3
±R

BV
+

−
1

N
C

T0
18

51
33

0
IO

N
-3

 =
 9

3–
95

 %

N
ag

gi
e 

et
 a

l.,
 [1

12
]

IO
N

-4
−

+
+

1/
4

N
C

T0
20

73
65

6
IO

N
-4

 =
 9

6 
%

(3
) R

N
A

-d
ep

en
de

nt
 R

N
A

 p
ol

ym
er

as
e 

in
hi

bi
to

rs
 (N

S5
B

 in
hi

bi
to

rs
)

(3
.1

) N
uc

le
os

id
e 

an
al

og
 in

hi
bi

to
rs

 (N
Is

)

So
fo

sb
uv

ir

La
w

itz
 et

 a
l. 

[3
2]

N
EU

TR
IN

O
+

+
−

1/
4/

5/
6

N
C

T0
16

41
64

0
N

EU
TR

IN
O

 =
 9

0 
%

La
w

itz
 et

 a
l. 

[3
3]

FI
SS

IO
N

+R
BV

+
−

2/
3

N
C

T0
14

97
36

6
FI

SS
IO

N
 =

 6
7 

%

Ja
co

bs
on

 et
 a

l. 
[3

4]
PO

SI
TR

O
N

+R
BV

−
+

2/
3

N
C

T0
15

42
78

8
PO

SI
TR

O
N

 =
 7

8 
%

Ja
co

bs
on

 et
 a

l. 
[3

5]
FU

SI
O

N
+R

BV
−

+
2/

3
N

C
T0

16
04

85
0

FU
SI

O
N

 =
 5

0–
73

 %

So
fo

sb
uv

ir
 a

nd
 v

el
pa

ta
sv

ir
 c

om
bi

na
ti

on

Fe
ld

 et
 a

l. 
[3

6]
A

ST
R

A
L-

1
−

+
+

1/
2/

4/
5/

6
N

C
T0

22
01

94
0

A
ST

R
A

L-
1 

= 
99

 %

Fo
st

er
 et

 a
l.,

 [1
13

]
A

ST
R

A
L-

3
−

+
+

3
N

C
T0

22
01

95
3

A
ST

R
A

L-
3 

= 
95

 %

Fo
st

er
 et

 a
l.,

 [1
13

]
A

ST
R

A
L-

2
−

+
+

2
N

C
T0

22
20

99
8

A
ST

R
A

L-
2 

= 
99

 %

C
ur

ry
 et

 a
l.,

 [1
14

]
A

ST
R

A
L-

4
−

+
+

1-
6

N
C

T0
22

01
90

1
A

ST
R

A
L-

4 
= 

83
 %

W
yl

es
 et

 a
l.,

 [1
27

]
A

ST
R

A
L-

5
−

+
+

1-
6

N
C

T0
24

80
71

2
A

ST
R

A
L-

5 
= 

95
 %

El
ba

sv
ir

 a
nd

 g
ra

zo
pr

ev
ir

 c
om

bi
na

ti
on

D
or

e 
et

 a
l. 

[3
7]

C
-E

D
G

E 
C

O
-S

TA
R

−
+

−
1/

4/
6

N
C

T0
21

05
68

8
O

ve
ra

ll 
SV

R
 =

 9
5 

%

Hepatitis C Virus Infection Treatment: Recent Advances and New Paradigms in the Treatment Strategies
http://dx.doi.org/10.5772/65873

293



R
ef

er
en

ce
d 

cl
in

ic
al

 s
tu

di
es

Tr
ia

ls
 n

am
e/

ph
as

e
±P

EG
-I

FN
/R

B
V

T
re

at
m

en
t-

na
ïv

e 
pa

ti
en

t
T

re
at

m
en

t-
ex

pe
ri

en
ce

d
G

en
ot

yp
e 

co
ve

ra
ge

N
C

T
#

O
ve

ra
ll

 S
V

R

R
oc

ks
tr

oh
 et

 a
l. 

[3
8]

C
-E

D
G

E 
co

in
fe

ct
io

n
−

+
−

1/
4/

6
N

C
T0

21
05

66
2

O
ve

ra
ll 

SV
R

 =
 9

6 
%

K
w

o 
et

 a
l. 

[3
9]

C
-E

D
G

E 
T.

 E
±R

BV
−

+
1/

4/
6

N
C

T0
21

05
70

1
C

-E
D

G
E 

+ 
R

BV
(1

2)
 =

 9
4 

%

C
-E

D
G

E-
R

BV
(1

2)
 =

 9
2 

%

C
-E

D
G

E 
+ 

R
BV

(1
6)

 =
 9

7 
%

C
-E

D
G

E-
R

BV
(1

6)
 =

 9
2 

%

Z
eu

ze
m

 et
 a

l. 
[4

0]
C

-E
D

G
E 

T.
 N

−
+

−
1/

4/
6

N
C

T0
21

05
46

7
C

-E
D

G
E 

T.
 N

 =
 9

5 
%

R
ot

h 
et

 a
l. 

[4
1]

C
-S

U
R

FE
R

−
+

−
1

N
C

T0
20

92
35

0
C

-S
U

R
FE

R
 =

 9
9 

%

Pa
ri

ta
pr

ev
ir

-o
m

bi
ta

sv
ir

-r
it

on
av

ir
 a

nd
 d

as
ab

uv
ir

 c
om

bi
na

ti
on

Fe
ld

 et
 a

l. 
[4

2]
SA

PP
H

IR
E 

I
+R

BV
+

−
1

N
C

T0
17

16
58

5
O

ve
ra

ll 
SV

R
 =

 9
6 

%

Z
eu

ze
m

 et
 a

l. 
[4

3]
SA

PP
H

IR
E 

II
+R

BV
−

+
1

N
C

T0
17

15
41

5
O

ve
ra

ll 
SV

R
 =

 9
6 

%

Su
lk

ow
sk

i e
t a

l. 
[4

4]
TU

R
Q

U
O

IS
E 

I
+R

BV
+

+
1/

H
IV

N
C

T0
17

04
75

5
O

ve
ra

ll 
SV

R
 =

 9
1–

94
 %

Po
or

da
d 

et
 a

l. 
[4

5]
TU

R
Q

U
O

IS
E 

II
+R

BV
+

+
1

N
C

T0
19

39
19

7
O

ve
ra

ll 
SV

R
 =

 9
2–

96
 %

A
nd

re
on

e 
et

 a
l. 

[4
6]

PE
A

R
L 

II
±R

BV
−

+
1b

N
C

T0
16

74
72

5
O

ve
ra

ll 
SV

R
 =

 9
6–

10
0 

%

Fe
re

nc
i e

t a
l. 

[4
7]

PE
A

R
L 

II
I

±R
BV

+
−

1b
N

C
T0

17
67

11
6

O
ve

ra
ll 

SV
R

 =
 9

9–
99

.5
 %

Fe
re

nc
i e

t a
l. 

[4
7]

PE
A

R
L 

IV
±R

BV
+

−
1a

N
C

T0
18

33
53

3
O

ve
ra

ll 
SV

R
 =

 9
0–

97
 %

Pa
ri

ta
pr

ev
ir

-o
m

bi
ta

sv
ir

-a
nd

 ri
to

na
vi

r c
om

bi
na

ti
on

H
ez

od
e 

et
 a

l. 
[2

4]
PE

A
R

L-
I

±R
BV

+
+

4
N

C
T0

16
85

20
3

O
ve

ra
ll 

SV
R

 =
 9

1–
10

0 
%

A
ss

el
ah

 et
 a

l.,
 [1

29
]

A
G

A
TE

-I
+R

BV
+

+
4

N
C

T0
22

65
23

7
O

ve
ra

ll 
SV

R
 =

 9
7–

98
 %

W
ak

ed
 et

 a
l.,

 [1
28

]
A

G
A

TE
-I

I
+R

BV
+

+
4

N
C

T0
22

47
40

1
O

ve
ra

ll 
SV

R
 =

 9
3–

97
 %

a  
O

nl
y 

th
os

e 
cl

in
ic

al
 s

tu
di

es
/tr

ia
ls

 w
er

e 
re

fe
re

nc
ed

 w
hi

ch
 w

er
e 

co
ns

id
er

ed
 b

y 
th

e 
U

S 
FD

A
 f

or
 t

he
 a

pp
ro

va
l 

of
 a

nt
i-H

C
V

 c
om

po
un

ds
 a

nd
 w

hi
ch

 w
er

e 
re

gi
st

er
ed

 t
o 

cl
in

ic
al

tr
ia

ls
.g

ov
. S

im
ila

rl
y,

 t
he

 c
lin

ic
al

 t
ri

al
 d

at
a 

re
ga

rd
in

g 
th

e 
in

cl
us

io
n 

of
 p

at
ie

nt
s,

 g
en

ot
yp

e 
co

ve
ra

ge
, a

nd
 S

V
R

 r
at

es
 w

er
e 

ex
tr

ac
te

d 
on

ly
 f

ro
m

 F
D

A
, N

C
BI

, a
nd

 
cl

in
ic

al
tr

ia
ls

.g
ov

 w
eb

si
te

s.
 +

 =
 in

cl
ud

ed
, -

 =
 n

ot
 in

cl
ud

ed
, ±

 =
 w

ith
 o

r 
w

ith
ou

t, 
T.

N
 =

 tr
ea

tm
en

t-
na

ïv
e,

 T
.E

 =
 tr

ea
tm

en
t-

ex
pe

ri
en

ce
d,

 R
BV

 =
 r

ib
av

ir
in

, G
T 

= 
ge

no
ty

pe
, 

SV
R

 =
 s

us
ta

in
ed

 v
ir

ol
og

ic
 re

sp
on

se

Ta
bl

e 
2.

 T
he

 m
os

t p
ro

m
is

in
g 

ph
as

e 
II

 a
nd

 II
I c

lin
ic

al
 tr

ia
ls

 fo
r n

ov
el

 d
ir

ec
t-

ac
tin

g 
an

tiv
ir

al
s 

w
ith

 o
ve

ra
ll 

SV
R

s 
in

 H
C

V
-in

fe
ct

ed
 p

at
ie

nt
sa .

Advances in Treatment of Hepatitis C and B294



R
ef

er
en

ce
d 

cl
in

ic
al

 s
tu

di
es

Tr
ia

ls
 n

am
e/

ph
as

e
±P

EG
-I

FN
/R

B
V

T
re

at
m

en
t-

na
ïv

e 
pa

ti
en

t
T

re
at

m
en

t-
ex

pe
ri

en
ce

d
G

en
ot

yp
e 

co
ve

ra
ge

N
C

T
#

O
ve

ra
ll

 S
V

R

R
oc

ks
tr

oh
 et

 a
l. 

[3
8]

C
-E

D
G

E 
co

in
fe

ct
io

n
−

+
−

1/
4/

6
N

C
T0

21
05

66
2

O
ve

ra
ll 

SV
R

 =
 9

6 
%

K
w

o 
et

 a
l. 

[3
9]

C
-E

D
G

E 
T.

 E
±R

BV
−

+
1/

4/
6

N
C

T0
21

05
70

1
C

-E
D

G
E 

+ 
R

BV
(1

2)
 =

 9
4 

%

C
-E

D
G

E-
R

BV
(1

2)
 =

 9
2 

%

C
-E

D
G

E 
+ 

R
BV

(1
6)

 =
 9

7 
%

C
-E

D
G

E-
R

BV
(1

6)
 =

 9
2 

%

Z
eu

ze
m

 et
 a

l. 
[4

0]
C

-E
D

G
E 

T.
 N

−
+

−
1/

4/
6

N
C

T0
21

05
46

7
C

-E
D

G
E 

T.
 N

 =
 9

5 
%

R
ot

h 
et

 a
l. 

[4
1]

C
-S

U
R

FE
R

−
+

−
1

N
C

T0
20

92
35

0
C

-S
U

R
FE

R
 =

 9
9 

%

Pa
ri

ta
pr

ev
ir

-o
m

bi
ta

sv
ir

-r
it

on
av

ir
 a

nd
 d

as
ab

uv
ir

 c
om

bi
na

ti
on

Fe
ld

 et
 a

l. 
[4

2]
SA

PP
H

IR
E 

I
+R

BV
+

−
1

N
C

T0
17

16
58

5
O

ve
ra

ll 
SV

R
 =

 9
6 

%

Z
eu

ze
m

 et
 a

l. 
[4

3]
SA

PP
H

IR
E 

II
+R

BV
−

+
1

N
C

T0
17

15
41

5
O

ve
ra

ll 
SV

R
 =

 9
6 

%

Su
lk

ow
sk

i e
t a

l. 
[4

4]
TU

R
Q

U
O

IS
E 

I
+R

BV
+

+
1/

H
IV

N
C

T0
17

04
75

5
O

ve
ra

ll 
SV

R
 =

 9
1–

94
 %

Po
or

da
d 

et
 a

l. 
[4

5]
TU

R
Q

U
O

IS
E 

II
+R

BV
+

+
1

N
C

T0
19

39
19

7
O

ve
ra

ll 
SV

R
 =

 9
2–

96
 %

A
nd

re
on

e 
et

 a
l. 

[4
6]

PE
A

R
L 

II
±R

BV
−

+
1b

N
C

T0
16

74
72

5
O

ve
ra

ll 
SV

R
 =

 9
6–

10
0 

%

Fe
re

nc
i e

t a
l. 

[4
7]

PE
A

R
L 

II
I

±R
BV

+
−

1b
N

C
T0

17
67

11
6

O
ve

ra
ll 

SV
R

 =
 9

9–
99

.5
 %

Fe
re

nc
i e

t a
l. 

[4
7]

PE
A

R
L 

IV
±R

BV
+

−
1a

N
C

T0
18

33
53

3
O

ve
ra

ll 
SV

R
 =

 9
0–

97
 %

Pa
ri

ta
pr

ev
ir

-o
m

bi
ta

sv
ir

-a
nd

 ri
to

na
vi

r c
om

bi
na

ti
on

H
ez

od
e 

et
 a

l. 
[2

4]
PE

A
R

L-
I

±R
BV

+
+

4
N

C
T0

16
85

20
3

O
ve

ra
ll 

SV
R

 =
 9

1–
10

0 
%

A
ss

el
ah

 et
 a

l.,
 [1

29
]

A
G

A
TE

-I
+R

BV
+

+
4

N
C

T0
22

65
23

7
O

ve
ra

ll 
SV

R
 =

 9
7–

98
 %

W
ak

ed
 et

 a
l.,

 [1
28

]
A

G
A

TE
-I

I
+R

BV
+

+
4

N
C

T0
22

47
40

1
O

ve
ra

ll 
SV

R
 =

 9
3–

97
 %

a  
O

nl
y 

th
os

e 
cl

in
ic

al
 s

tu
di

es
/tr

ia
ls

 w
er

e 
re

fe
re

nc
ed

 w
hi

ch
 w

er
e 

co
ns

id
er

ed
 b

y 
th

e 
U

S 
FD

A
 f

or
 t

he
 a

pp
ro

va
l 

of
 a

nt
i-H

C
V

 c
om

po
un

ds
 a

nd
 w

hi
ch

 w
er

e 
re

gi
st

er
ed

 t
o 

cl
in

ic
al

tr
ia

ls
.g

ov
. S

im
ila

rl
y,

 t
he

 c
lin

ic
al

 t
ri

al
 d

at
a 

re
ga

rd
in

g 
th

e 
in

cl
us

io
n 

of
 p

at
ie

nt
s,

 g
en

ot
yp

e 
co

ve
ra

ge
, a

nd
 S

V
R

 r
at

es
 w

er
e 

ex
tr

ac
te

d 
on

ly
 f

ro
m

 F
D

A
, N

C
BI

, a
nd

 
cl

in
ic

al
tr

ia
ls

.g
ov

 w
eb

si
te

s.
 +

 =
 in

cl
ud

ed
, -

 =
 n

ot
 in

cl
ud

ed
, ±

 =
 w

ith
 o

r 
w

ith
ou

t, 
T.

N
 =

 tr
ea

tm
en

t-
na

ïv
e,

 T
.E

 =
 tr

ea
tm

en
t-

ex
pe

ri
en

ce
d,

 R
BV

 =
 r

ib
av

ir
in

, G
T 

= 
ge

no
ty

pe
, 

SV
R

 =
 s

us
ta

in
ed

 v
ir

ol
og

ic
 re

sp
on

se

Ta
bl

e 
2.

 T
he

 m
os

t p
ro

m
is

in
g 

ph
as

e 
II

 a
nd

 II
I c

lin
ic

al
 tr

ia
ls

 fo
r n

ov
el

 d
ir

ec
t-

ac
tin

g 
an

tiv
ir

al
s 

w
ith

 o
ve

ra
ll 

SV
R

s 
in

 H
C

V
-in

fe
ct

ed
 p

at
ie

nt
sa .

Advances in Treatment of Hepatitis C and B294

the rapid emergence of viral escape mutants followed by viral breakthrough (HCV RNA 
remains lower limit of quantification but increased to ≥100 IU/ml or ≥1 log10 during tela-
previr therapy) in some patients during therapy and significantly in all the patients after 
treatment completion [48]. The addition of PEG-IFN α plus RBV reduced the frequency of 
viral escape mutants and achieved higher SVR rates in both treatment-naive and treatment-
experienced patients in phase II and III clinical trials than PEG-IFN α plus RBV therapy 
alone [49]. Similarly, some studies also describe that telaprevir is not equally useful for dif-
ficult-to-treat populations (i.e., patients with decompensated liver diseases, IL28B polymor-
phism, HCV genotype 3, 4, 5, and 6 infections) as compared with HCV genotype 1 infection 
[48]. For such HCV-infected patients, interferon-free antiviral combination therapies are the 
best treatment options. Boceprevir (BOC; Victrelis®) another first-generation protease inhib-
itor shares the similar pharmacokinetics and pharmacodynamics like telaprevir to confer 
anti-HCV activity. The clinical efficacy of boceprevir-based triple therapy (along with PEG-
IFN α plus RBV) was evaluated in phase III clinical trials both in treatment-naïve (SPRINT-2 
clinical trial) and poor responders to PEG-IFN α and RBV therapy (RESPOND-2 clinical 
trial) patients (Table 2) [50–52]. The overall cure rates were almost equivalent to telapre-
vir-based triple therapy. However, the treatment-naïve patients achieved higher SVR rates 
than treatment-experienced patients (Table 2). Telaprevir or boceprevir monotherapy seems 
effective in treatment-naïve HCV genotype 1-infected patients. However, administration 
of telaprevir or boceprevir as monotherapy in infected individuals is not a suitable option 
because of the early emergence of viral escape mutants during therapy and followed by 
viral breakthrough after treatment completion [53]. The minor resistant populations exist at 
baseline in all HCV-infected individuals and are selected rapidly with telaprevir or bocepre-
vir monotherapy (Table 3) [51]. Consequently, the first-generation DAAs/PIs still require a 
platform of PEG-IFN α and RBV to prevent the emergence of viral escape mutants and also 
to achieve significantly higher SVR rates [54]. Similarly, notable drug-drug interactions with 
many HIV antiretrovirals and calcineurin inhibitors also decrease the therapeutic activity 
of telaprevir and boceprevir monotherapy [54]. Drug toxicities and unusual adverse event 
profile (anemia, rashes, dysgeusia, and depression) of first-generation protease inhibitors 
also limit their clinical efficacy in treated patients [54]. These adverse effects result in treat-
ment withdrawal in the majority of treated individuals, and this ratio is 10 % much higher 
in telaprevir- or boceprevir-based triple therapy vs. PEG-IFNα and RBV therapy alone [50, 
52]. The physicians and hepatologists do not recommend telaprevir or boceprevir mono-
therapy or even in combination with PEG-IFN/RBV due to the harsh adverse event profile 
and the emergence of viral escape mutants. Similarly, premature treatment discontinuation 
and mandatory intake of food have heightened the adherence concern related to first-gener-
ation protease inhibitors. The treatment has already discontinued in the United States and 
expected to be stopped from other parts of the world after the approval of interferon-free 
therapeutic regimens.

3.2. Second-generation protease inhibitors

Telaprevir and boceprevir were found more effective in treatment-naive HCV genotype 
1 patients and had to be administered three times daily [54]. The situation demanded to 
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develop the regimens, which must be effective against other difficult-to-treat HCV popula-
tions with an improved dosing schedule. Simeprevir (Olysio®) was approved by the US 
FDA to treat chronic HCV genotype 1 infection in 2013 (www.hcvonline.org/page/treat-
ment/drugs/simeprevir-drug) [55, 56]. The drug was approved along with PEG-IFN α-2a 
or 2b and RBV for treatment-naive HCV genotype 1-infected patients [35], for patients with 
compensated liver diseases (fibrosis and cirrhosis), and for those who are relapsers and 
nonresponders to interferon-based therapy [32,57]. Simeprevir 150 mg once daily along 
with PEG-IFN/RBV achieved overall SVR rates approximately 80–90 % in treatment-naïve 
and relapsers [56] and 67–80 % of previously treated and null responders to interferon-
based therapy (Table 2) (QUEST-1 and QUEST-2 clinical trials). The therapy seems to be 
more efficient than telaprevir/boceprevir-based triple therapies; however, there are cer-
tain disadvantages. For example, SVR rates were lower at the start of antiviral therapy in 
patients with advanced hepatic fibrosis as well as in patients with Q80R/K polymorphism of 
NS3  protein [58]. It is a naturally occurring amino acid substitution at NS3 codon 80, where 
 glutamine is replaced to lysine. The Q80K polymorphism exists naturally in HCV genotype 
1a (30–50 %)- and 1b (0.5 %)-infected patients [56]. It substantially reduces the efficacy of 
simeprevir-based triple therapy in HCV genotype 1a-infected patients. In QUEST-1 clinical 

Drug name Resistance amino acid variants

Telaprevir V36A/M; T54S/A; R155K/T/Q; A156S; B156T/V

Boceprevir V36A/M; T54S/A; V55A; R155K/T/Q; A156S; B156T/V; 
V170A/T

Simeprevir Q80R/K; R155K/T/Q; B156T/V; D168A/V/T/H

Faldaprevir R155K/T/Q; D168A/V/T/H

Danoprevir R155K/T/Q; D168A/V/T/H

Asunaprevir Q80R/K; R155K/T/Q; D168A/V/T/H

ABT-450 R155K/T/Q; D168A/V/T/H

Daclatasvir M28; Q30; L31; Y93Y/H

Sofosbuvir 282 T

Ledipasvir K24R, M28T/V, Q30R/H/K/L, L31M, Y93H/N

Velpatasvir Q30R, Y93H/N, L31M

Elbasvir A156T, D168A/Y, R155K

Grazoprevir M28, Q30, L31, Y93

Paritaprevir V36A/M/T, F43L, V55I, Y56H, Q80L, I132V, R155K, A156G

Ombitasvir K24R, M28A/T/V, Q30E/K/R, H/Q54Y, H58D/P/R, 
Y93C/H/N

Dasabuvir G307R, C316Y, M414I/T, E446K/Q, A450V, Y561H

Table 3. Resistance amino acid variants (RAVs) associated with antiviral drug resistance to direct-acting antivirals.
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studies, SVR rates were demonstrated 20 % lower in HCV genotype 1a-infected individu-
als than 1b [21, 56]. Furthermore, approximately one-third HCV genotype 1a patients were 
found with Q80K NS3 protein mutation at baseline [21]. Interestingly, the mutation was 
infrequent, was nonexistent, and did not impact the SVR rates significantly in HCV geno-
type 1b patients [56, 59]. HCV genotype 1a-infected patients are strongly recommended 
for Q80K polymorphism screening and NS3 genotype test before the start of treatment and 
to avoid any complications during therapy. The mutations associated with NS3 protease 
inhibitors may detect by reverse transcribing HCV RNA, followed by PCR amplification 
and then DNA sequencing of NS3 gene [21, 60]. Some institute/laboratories in the United 
States have launched the tests for Q80K polymorphism (Quest Diagnostics®) and HCV 
drug-resistance test for NS3/4A protease inhibitors (LabCorp®). Treatment withdrawal 
and alternative treatment strategies may adopt for the patients found with a Q80K poly-
morphism in NS3 genotype analysis. Skin rashes, itching, nausea, and photosensitivity 
reactions are the most commonly observed adverse events with simeprevir-based triple 
therapies [56]. Sunscreen creams and lotions are highly recommended to use while taking 
the drug [61].

In 2014, simeprevir was approved in combination with sofosbuvir to treat chronic HCV geno-
type 1 patients with or without cirrhosis. The combination regimen (150/400 mg q.d.) without 
PEG-IFN/RBV was found almost equally effective in both patient arms; however, relatively 
better in treatment-naïve than treatment-experienced patients (OPTIMIST-1 and OPTIMIST-2 
clinical trials) (Table 2) [22, 23]. Similarly, the therapeutic outcome was much significant in 
subtype 1a patients without Q80K polymorphism and in noncirrhotics as compared to those 
with cirrhosis and Q80K polymorphism (Table 2). The frequency of treatment-emergent 
adverse events was similar in both clinical trials, and the drug combination was well tolerated 
and safe even in patients with Q80K polymorphism as compared to simeprevir and PEG-IFN/
RBV-based triple therapies.

4. NS5A inhibitor-based direct-acting antivirals

Daclatasvir (Daklinza®) is the first in a new class of direct-acting antivirals, which inhibit 
the action of NS5A, a protein essential to play a diverse role in HCV replication, assembly, 
and release [62]. The US FDA approved initially daclatasvir and sofosbuvir combination 
to treat chronic HCV genotype 3-infected patients in July 2015. However, the indications 
were modified and expanded to treat HCV genotype 1- and 3-infected patients, patients 
with decompensated cirrhosis, patients with post-liver transplantation, and HCV/HIV-
coinfected patients in February 2016 [63]. Daclatasvir monotherapy along with PEG-IFN/
RBV leads initially to higher SVR rates in treated patients, but viral escape mutants occur 
rapidly indicating its relatively lower genetic barrier to resistance (COMMAND-1 and 
COMMAND-4 clinical trials) (Table 2) [64]. To overcome the emergence of viral escape 
mutants and to achieve high SVR rates, the treatment is recommended along with sofos-
buvir and with or without ribavirin. Higher SVR rates were documented in HCV  genotype 
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1 and 3 treatment-naive patients when administered to daclatasvir and sofosbuvir com-
bination [24]. Other multi-series clinical  trials also demonstrate high clinical efficacy and 
well tolerability of daclatasvir-sofosbuvir with or without RBV against HCV genotype 1–6 
infected patients (ALLY 1–3 clinical trial) (Table 2) [25–28]. Similarly, higher SVR rates 
(87–98 %) were achieved in HCV genotype 1-infected patients treated with a combina-
tion of daclatasvir, asunaprevir, and beclabuvir for 12 weeks (UNITY 1–2 clinical trial) 
(Table 2) [29, 30]. Headache, nausea, and vomiting were the most commonly noticed 
adverse effects, and the adverse event profile was almost similar in all genotype-treated 
patients and managed during or after the treatment completion [62]. The viral-resistant 
mutants were found commonly at residue M28, Q30, L31, and Y93 of NS5A region in HCV 
genotype 1a patients (Table 3) [25, 28]. However, viral-resistant mutants were reported 
less frequently at position L31 and Y93 in HCV genotype 1b patients [64]. Some experi-
mental studies demonstrate that these mutations are responsible for increasing the EC50 
(i.e., the concentration of a drug which produces therapeutic response halfway between 
the baseline and maximum after a certain period of time) of daclatasvir in treated patients 
[64]. In contrast to NS3 protease, viral-resistant mutants against NS5A inhibitors do not 
impair  replication fitness and do not disappear during follow-up examinations at the 
end of treatment. One-year follow-up studies predict the persistence of NS5A-resistance 
mutants, but no cross-resistance has reported between daclatasvir and other direct-acting 
antivirals as yet [65]. The approval of daclatasvir monotherapy and daclatasvir with other 
different regimens is expected soon.

5. HCV polymerase inhibitor-based therapeutic regimens

Sofosbuvir (Sovaldi®; SOF) was approved by the US FDA in 2013 to treat treatment-naïve 
and treatment-experienced HCV genotype 1–6-infected patients [66]. SOF is a uridine nucle-
otide analog inhibitor, which exerts its antiviral activity by competing with endogenous 
uridine triphosphate of the growing HCV mRNA chain incorporated by HCV polymerase 
enzyme [66,67]. After incorporation into growing mRNA chain, no further nucleotides can be 
added, and mRNA chain is terminated [67]. The drug is active against all HCV genotypes (1–6) 
as well as difficult-to-treat HCV populations [68]. The approval was momentous and based 
on the results of four registration studies in phase III clinical trials (FISSION, POSITRON, 
FUSION, and NEUTRINO clinical trials) where the therapy endpoint was to achieve a sus-
tained virologic response rate at week 12 after stopping the active treatment (i.e., SVR12) 
(Table 2) [69]. Sofosbuvir in combination with ribavirin presented very promising clinical 
efficacy data against HCV genotype 1–4-treated patients (Table 2) [33, 34]. The relapse rate 
was only 9 % among all the four phase III drug registration studies [34]. No major side effects 
or severe cardiac adverse events were reported during SOF plus RBV dual therapy. However, 
the adverse event profiles of sofosbuvir monotherapy and even in combination with RBV are 
not sufficiently addressed because of the lack of controlled trials [66]. Meaningful  historical 
controls, as well as ribavirin monotherapy arm as a comparator, are not available due to 
which we may not draw conclusions about the eventual adverse effects of sofosbuvir [33, 34]. 
However, adverse events associated with sofosbuvir-related therapies are not frequent and 
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5. HCV polymerase inhibitor-based therapeutic regimens
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which we may not draw conclusions about the eventual adverse effects of sofosbuvir [33, 34]. 
However, adverse events associated with sofosbuvir-related therapies are not frequent and 
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severe in nature. Antiviral resistance was only observed in a single patient after sofosbuvir 
monotherapy, which was successfully re-treated with SOF plus RBV dual therapy [69].

Sofosbuvir in combination with ledipasvir (Harvoni®; the first fixed-dose drug combination 
claims to “two firsts”) with or without RBV was approved in 2014 for HCV genotype 1 infec-
tion treatment. Later on, the approval was expanded to treat HCV genotype 4-, 5-, 6-, and 
HCV/HIV-coinfected patients in 2015. Recently, the US FDA has extended the treatment rec-
ommendation to liver transplant genotype 1 and 4 patients with compensated cirrhosis and 
in genotype 1 patients with decompensated cirrhosis (http://www.hepatitisc.uw.edu/page/
treatment/drugs/ledipasvir-sofosbuvir#drug-summary) [31, 70]. Ledipasvir (90 mg) and 
sofosbuvir (400 mg) have formulated as a single coformulated pill [31]. However, ledipas-
vir (an NS5A inhibitor) monotherapy is not approved by the US FDA to treat the infection 
as yet. This combo drug seems very efficient to achieve SVR rates more than 90 % of HCV 
genotype 1- and 4-treated patients without cirrhosis when administered to 8, 12, or 24 weeks 
(Table 2) [31, 71]. Cirrhotic patients may also achieve higher SVR rates with 12- or 24-week 
treatment schedule [72]. Severe adverse events are rare and manageable during or after the 
therapy. The inclusion of ribavirin does not affect the therapeutic efficacy and achievement 
of higher SVR rates. Consequently, the addition of RBV does not seem prerequisite in every 
all-oral DAA combinations against HCV. RBV results in hemolytic anemia and is highly tera-
togenic [11], and for this reason, RBV-sparing regimens are considerably advantageous and 
eagerly awaited in the future.

6. Treatment paradigms for difficult-to-treat populations

As the treatment success in HCV-infected patients mainly depends on HCV genotype, previ-
ous treatment history, cirrhosis or fibrosis score, and the high barrier to antiviral drug resis-
tance, the combination of experimental drug velpatasvir and sofosbuvir might simplify the 
treatment strategies in “difficult-to-treat subgroups” in the future. Velpatasvir (An NS5A 
inhibitor) and sofosbuvir in a fixed-dose combination (100 mg/400 mg) exhibit the pan-geno-
typic coverage with a simple 12-week regimen in treatment-naïve, treatment-experienced, as 
well as in cirrhotic patients as determined in multicentered clinical trials (i.e., ASTRAL 1–5) 
conducted at 81 sites including the United States, Canada, and Europe in 2014 (Table 2) [36]. 
The adverse event profile was almost similar to each clinical trials, and headache, nausea, 
and vomiting were the most common ones. However, overall the drug combination was well 
tolerated and safe in treated patients. The US FDA has approved the fixed-dose combina-
tion of velpatasvir and sofosbuvir (Epclusa®) in June 2016 to treat chronic HCV genotype 
1–6-infected adult patients.

The discovery and development of elbasvir/grazoprevir fixed-dose combination have shifted 
the treatment paradigm for genotype 1 and 4 patients with stage 4–5 chronic kidney  disease 
(CKD) and HCV/HIV coinfection [40, 41]. The US FDA has approved elbasvir/grazoprevir 
(50/100 mg q.d.) (Zepatier®) combination for HCV genotype 1 and 4 infection with chronic 
kidney diseases and HCV/HIV coinfection with some specific clinical requirements (i.e., 
viral genotype, prior treatment experience, NS5A-associated RAVs at position M28, Q30, 
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L31, or Y93) (http://www.hepatitisc.uw.edu/page/treatment/dugs/elbasvir-grazoprevir#drug-
summary) [73, 74]. Similarly, the treatment regimen is prescribed with many precautions in 
subtype 1a patient with prior testing of NS5A-associated RAVs, because it determines the 
overall treatment duration and the inclusion of ribavirin to therapy (Table 3) [38, 40, 41]. The 
FDA approval was granted on the findings of a series of multicenter phase III clinical trials 
(C-EDGE and C-SURFER) in treatment-naïve, treatment-experienced, and other difficult-to-
cure populations (i.e., HCV/HIV coinfection, stage 4/5 CKD including hemodialysis patients) 
where overall SVR rates were highly promising (i.e., 92–99 %) (Table 2) [37–41]. The adverse 
event profile was not serious in the treatment groups, and the renal system adverse effects 
were comparable without significant changes in estimated glomerular filtration rate (eGFR) 
value and creatinine levels [38, 40, 41]. Headache, nausea, and fatigue were the most com-
monly observed adverse events with an elevation in alanine aminotransferase (ALT) levels 
five times more than the normal one [38, 40, 41]. However, most of the adverse effects resolved 
at or after the treatment completion.

The first 3D regimen, “Viekira Pak®” (i.e., a combination of three direct-acting antivirals: 
ombitasvir, paritaprevir, and dasabuvir) along with ritonavir, to treat chronic HCV genotype 
1 infection was approved by the US FDA in 2014 (http://www.hepatitisc.uw.edu/page/treat-
ment/drugs/3d#drug-summary) [75]. The drug combination is prescribed to genotype 1-com-
pensated cirrhotic patients, however, still contraindicated to decompensated cirrhotics [42]. 
The approval was based on phase II/III multicenter clinical trials (Table 2) involving more 
than 2300 patients with chronic HCV 1 infection, some of whom had cirrhosis [43–47, 76]. 
Cure rates across the various groups were ranged from 91 % to 100 % (Table 2). The therapeu-
tic outcomes demonstrated that the drug combination was safe with no significant adverse 
effects in a population with compensated cirrhosis [47]; however, the drug combination is 
forbidden in decompensated cirrhotic patients.

A recent ongoing clinical trial conducted in HCV genotype 4 noncirrhotic patients showed 
the promising therapeutic activity of ombitasvir, paritaprevir, and ritonavir with or without 
RBV for a 12-week course (PEARL-I clinical studies) [24]. Similarly, the therapeutic regimen 
along with RBV was also found highly effective to treat genotype 4, cirrhotic patients, as 
shown by the results of AGATE-I and AGATE-II ongoing clinical studies. PEARL-I, phase 2 
open-label, randomized, and multicentre clinical trials were conducted in Europe, Turkey, 
and the United States [24]. The treatment-naïve patients included in the study received the 
ombitasvir, paritaprevir, and ritonavir combination with or without RBV; however, all treat-
ment-experienced patients (i.e., previously treated with PEG-IFN/RBV) received the active 
treatment with RBV. Interestingly, dasabuvir was not included in the treatment regimen as 
it does not show therapeutic activity against HCV genotype 4. The overall SVR rates were 
achieved 91 % (40/44) in treatment-naïve patients who received active treatment without RBV 
and 100 % (42/42) in those who took RBV along with the regimen. All treatment-experienced 
patients achieved SVR12 at the treatment completion (49/49, 100 %) (Table 2). Viral relapse 
occurred in two patients, and the virologic breakthrough was experienced in one patient. The 
adverse event profile was almost negligible including headache and decreased hemoglobin 
level (i.e., 100 g/L, anemic state), but no treatment discontinuation was attributed to active 
regimen except the dose modification of RBV to nullify anemic state [24].
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The AGATE-I open-label phase 3 multicenter and randomized clinical trial revealed the 
therapeutic outcome of ombitasvir, paritaprevir, and ritonavir plus RBV in HCV genotype 
4 patients with compensated cirrhosis [77]. The study was conducted in both treatment-naïve 
and treatment-experienced patients (PEG-IFN/RBV treated) at different locations in Europe 
and the United States. Overall, 120 adult patients were enrolled in the study of which 59 
patients received 12-week treatment (i.e., ombitasvir, paritaprevir, and ritonavir plus RBV) 
and 61 patients were assigned to take 16 weeks of the same treatment regimen. The overall 
SVR rates were achieved 97 % (57/59) in the 12-week group and 98 % (60/61) in the 16-week 
group. The adverse event frequency was significantly higher, mixed in both patient arms, 
and noticed in more than 10 % of all patients including asthenia, fatigue, headache, anemia, 
pruritus, nausea, and dizziness more common ones. However, virologic breakthrough was 
reported in one patient, and one patient discontinued the treatment at day 1 in the 12-week 
treatment group, and one missed the posttreatment week 12 visit in the 16-week group [77].

The AGATE-II open label and partly randomized clinical studies were conducted in native 
Egyptian population infected with HCV genotype 4 [77]. Overall 182 patients both treatment-
naïve and treatment-experienced (previously treated to PEG-IFN/RBV-based dual therapies) 
anticipated in the clinical trial of whom 160 were eligible for inclusion criteria. 100 patients 
had no cirrhosis and received active regimen and RBV for 12 weeks. The remaining 60 hav-
ing cirrhosis were randomly assigned to 12-week active treatment (n = 31) or 24-week treat-
ment group (n = 29). The SVR rates were achieved 94 % in the noncirrhotic 12-week patient 
arm (94/100), 97 % in cirrhotic patients (30/31) enrolled in the 12-week treatment group, and 
93 % (27/29) in cirrhotic patients administered for 24-week active treatment (Table 2). The 
adverse event profile was significantly higher particularly in noncirrhotic patients includ-
ing headache and fatigue the most common (i.e., 41 % and 35 %, respectively) ones than the 
cirrhotic ones (29–38 %, respectively). However, no treatment discontinuation was related to 
drug side effects or active treatment itself [77].

The findings of the ongoing PEARL-I, AGATE-I, and AGATE-II clinical trials are promising 
while treating HCV genotype 4 cirrhotic and noncirrhotic patients; however, no additional 
benefits were reported in terms of higher SVR, when treatment duration was extended for 
cirrhotic patients from 12 weeks to 16 weeks or even 24 weeks in native Egyptian population. 
Similarly, a small number of patients enrolled in the clinical trials limit the comprehensive 
determination of the drug side effects. Further studies are eagerly awaited in this prospect, 
and as a precaution, any HCV cirrhotic patients using such combination therapeutic regi-
mens should be hepatically intact for any hepatic complications/comorbidities because the 
patients in clinical trials are often very carefully monitored than patients in real-world clini-
cal practice [40].

7. Interferon derivatives

Over the years, the principal objectives to develop novel interferon formulations include 
the replacement of conventional interferon with the new ones, to reduce the adverse effects 
of current interferon and ease of administration with an improved dosing schedule [78]. 
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The treatment success for HCV is primarily dependent on the patient adherence to therapy 
so that the development of unique IFN formulations with improved pharmacokinetics is a 
prime objective of HCV therapeutics nowadays. The main advantage of this approach may 
seem to maintain viral suppression across the longer dose interval, avoid of inter-dose trough, 
and reduce dosage frequencies (twice or even once per month as compared to once per week 
for the current PEG-IFN and consensus interferons). Although the development of new inter-
feron formulations primarily focuses on HCV genotype 1 patients, their administration can 
also be prized for HCV genotype 2- and 3-infected individuals [79]. Similarly, the duration of 
treatment can also be reduced in easy-to-treat populations (HCV genotype 2- and 3-infected 
patients) up to 12 weeks if a rapid virologic response achieves earlier [79]. This approach may 
suggest a very convenient therapeutic regimen of only three injections if long-acting IFNs are 
used in treated patients.

7.1. Interferon lambda

Interferon lambda (IFN-λ) is still promising and may be beneficial as an adjuvant therapy to 
treat HCV infection in combination with other DAAs in the near future. It has also raised the 
hopes to replace the conventional interferons (IFN-α 2a, IFN-α 2b, PEG-IFN α) to reduce the 
frequency of side effects and treatment discomfort during and after the treatment completion 
in infected individuals. The discovery of three interferon-λ cytokines (i.e., interferons λ1, λ2, 
and λ3 encoded by IL29, IL28A, and IL28B, respectively) in 2003 has suggested their plausible 
role in suppression of HCV replication [80]. This fact was supported by the identification of 
common genetic variants in IL28B genome, which are highly associated with responses to 
PEG-IFN α/RBV treatment for chronic HCV infection [81]. Similarly, genome-wide associa-
tion studies and in vitro studies also demonstrate an interactive and complementary relation-
ship between IFN-α and IFN-λ for suppressing HCV replication [82]. IFN-λ like another type 
3 interferons binds to different host cell receptors than type 1 interferons (e.g., IFN-α 2a, 2b) to 
trigger the JAK-STAT antiviral pathways (Figure 2). However, the downstream cell signaling 
pathways are largely comparable to interferon-α which upregulate several hundreds of inter-
feron-stimulated genes to initiate antiviral activity [80]. IFN-λ binds mainly to IL28 receptors, 
which are positioned only to hepatocytes, plasmacytoid dendritic cells, peripheral B cells, and 
epithelial cells [83]. This restricted distribution of IL28 receptors for interferon-λ facilitates its 
targeted hepatic delivery, better tolerability, and increase safety profile than the conventional 
interferons [83]. IFN-λ may also escalate the subsaturating levels of IFN-α and increase its 
antiviral efficacy. In vitro studies reveal that IFN-α induces the expression of IFN-λ genes 
that upregulate a distinct pattern of signal transduction and interferon-stimulated genes than 
IFN-α to abort HCV replication [84]. Consequently, the combination of IFN-λ and IFN-α may 
provide additive therapeutic effects due to the complementary roles of two types of cytokines. 
Interferon-λ has been pegylated and phase I clinical trials with or without ribavirin have 
been completed [85]. Subsequent phase II clinical trials demonstrated that the administration 
of PEG-IFN λ (240 μg, 180 μg, or 120 μg once weekly) showed 10 % higher rapid virologic 
response (RVR; HCV RNA negative after 4 weeks of therapy) rates and 20 % higher extended 
rapid virologic response (eRVR; HCV RNA negative at the lower limit of detection but not 
the lower limit of quantification between week 4 and week 12 during PEG-IFN therapy) rates 
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than PEG-IFN α-2a in treatment-naïve patients [86]. IFN-λ is associated with less adverse 
event profile, including less hematologic toxicity, flu-like symptoms, and muscular pain, but 
increased aminotransferase and bilirubin levels in treated patients [86]. Now, full phase III 
clinical trials of interferon-λ with other DAAs (i.e., in combination with daclatasvir and asu-
naprevir plus RBV) are under consideration [87].

8. HCV vaccine technology

8.1. Barriers to developing prophylactic and protective HCV vaccines

The tendency of acute HCV infection to develop into chronic infection and optimal outcomes 
of the current therapies in the majority of treated patients underscores an urgent need to search 
and develop potential anti-HCV vaccine molecules. Interestingly, the efforts to develop HCV 
vaccines are facing real challenges due to some reasons. First, despite the consistent efforts by 
the researchers, still now there is no permissive cell culture system available where HCV can 
replicate persistently at high enough levels to evaluate antibodies which may neutralize [88]. 
Second, there is no authenticated and handy animal model available which is susceptible to 
HCV and can tackle the candidate vaccine challenge studies [88]. Although the chimpanzee 
model is the first choice for the investigators in HCV replication and candidate vaccine stud-
ies, it is expensive, endangered, and difficult to handle [89]. Third, genome variations in HCV 
genotypes, subtypes, and quasispecies nature of HCV may require the construction of poly-
valent vaccines, which protect against a significant number of closely related epitopes [90]. 
In fact, the genetic heterogeneity of HCV in an infected individual and immune responses 

Figure 2. Interferon-lambda (λ) cell signaling pathways to induce anti-HCV activity. Interferon lambda binds to different 
cell receptors than IFN alpha to activate JAK-STAT pathways and initiate the antiviral activity by upregulating a distinct 
pattern of signal transduction. IFN, interferon; IL, interleukin; R, receptor; JAK, Janus kinase; TYK, tyrosine kinase; 
STAT, signal transducer and activator of transcription; IRF, interferon regulatory factor; P, phosphate; ISRE, interferon-
stimulated response element.
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selected for neutralization of escape mutants within the hypervariable regions (HVR1) of E1 
envelope glycoprotein as well as cytotoxic T lymphocytes (CTL) escape mutants may limit the 
effectiveness and utility of any HCV vaccine model [91]. Fourth, it is unclear that either HCV 
envelope glycoproteins contain all the antigenic determinants require for effective neutraliza-
tion or not [92]. Fifth, acute HCV infection persists in the majority of infected individuals, 
even though innate and acquired immune responses accelerate against nearly all of the HCV-
encoded polyproteins [93]. T-cell responses immediately accelerate to clear HCV in acutely 
infected individuals; therefore, a successful anti-HCV vaccine has to elicit both CD4+ and CD8+ 
T-cell responses in infected individuals [94]. Sixth, HCV may associate with immunoglobulin 
or β-lipoprotein in the blood, which may “mask” the virus and reduce the efficiency of neu-
tralization [95].

8.2. Current anti-HCV vaccine models

Due to the above-mentioned qualms, the development of prophylactic or protective HCV 
vaccine is a highly challenging task and fraught with barriers. Anyhow, the advancement 
in vaccinology has inspired the researchers to work out different models of protective HCV 
candidate vaccines (Table 1). In this vein, the principle goal of an anti-HCV vaccine design 
should be to wipe out the chronic infection in exposed individuals or remove the virus from 
already infected individuals by boosting the innate and acquired host immune responses, 
which also seems an uphill task [94]. In this context, the strategy paradigms have been shifted 
from the production of traditional recombinant envelope proteins to the engineering of com-
plex viral vectors directing the expression of multiple hepatitis C viral antigens (i.e., Core, 
NS3, NS4, and NS5B) [94]. We briefly describe here the recent advancement in HCV vaccine 
technology, which may consider as the role models for the successful development of an 
effective preventive/protective vaccine in the future.

An HCV immunoglobulin (Civacir) has studied for its therapeutic effects on recurrent hepa-
titis C following liver transplantation in phase II clinical trials, but the SVR data from these 
trials are not yet available [96]. Similarly, the high-dose monoclonal antibodies were evalu-
ated against HCV glycoprotein E2 in genotype 1a patients undergoing liver transplantation in 
phase II clinical trials [97]. Although the strategy was not effective to prevent the recurrence of 
HCV infection, the reappearance of viremia in liver transplant patients significantly delayed 
as compared to the placebo control population [97]. Now, this regimen along with a direct-
acting antiviral is under consideration for further clinical trials.

Currently, a DNA vector-based vaccine (ChronVac-C) is in clinical development against 
chronic HCV genotype 1 infection [98]. By using DNA electroporation, the gene-encoding 
HCV NS3/4A protein was introduced into the patient skeletal muscle. The skeletal muscle 
expressed NS3/4A protein, which in turn stimulated the particular host innate and acquired 
immune responses against HCV. The clinical efficacy of ChronVac-C was evaluated in 12 treat-
ment-naïve HCV genotype 1-infected patients with four different doses given monthly for 
four months in phase I/II clinical trials [98]. T-cell responses were detected in one patient, and 
viral load reduction up to 1.2 log10–2.4 log10 was reported in two out of three patients with 
the highest dose [98]. Further clinical trials of this candidate vaccine are under consideration.
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candidate vaccines (Table 1). In this vein, the principle goal of an anti-HCV vaccine design 
should be to wipe out the chronic infection in exposed individuals or remove the virus from 
already infected individuals by boosting the innate and acquired host immune responses, 
which also seems an uphill task [94]. In this context, the strategy paradigms have been shifted 
from the production of traditional recombinant envelope proteins to the engineering of com-
plex viral vectors directing the expression of multiple hepatitis C viral antigens (i.e., Core, 
NS3, NS4, and NS5B) [94]. We briefly describe here the recent advancement in HCV vaccine 
technology, which may consider as the role models for the successful development of an 
effective preventive/protective vaccine in the future.

An HCV immunoglobulin (Civacir) has studied for its therapeutic effects on recurrent hepa-
titis C following liver transplantation in phase II clinical trials, but the SVR data from these 
trials are not yet available [96]. Similarly, the high-dose monoclonal antibodies were evalu-
ated against HCV glycoprotein E2 in genotype 1a patients undergoing liver transplantation in 
phase II clinical trials [97]. Although the strategy was not effective to prevent the recurrence of 
HCV infection, the reappearance of viremia in liver transplant patients significantly delayed 
as compared to the placebo control population [97]. Now, this regimen along with a direct-
acting antiviral is under consideration for further clinical trials.

Currently, a DNA vector-based vaccine (ChronVac-C) is in clinical development against 
chronic HCV genotype 1 infection [98]. By using DNA electroporation, the gene-encoding 
HCV NS3/4A protein was introduced into the patient skeletal muscle. The skeletal muscle 
expressed NS3/4A protein, which in turn stimulated the particular host innate and acquired 
immune responses against HCV. The clinical efficacy of ChronVac-C was evaluated in 12 treat-
ment-naïve HCV genotype 1-infected patients with four different doses given monthly for 
four months in phase I/II clinical trials [98]. T-cell responses were detected in one patient, and 
viral load reduction up to 1.2 log10–2.4 log10 was reported in two out of three patients with 
the highest dose [98]. Further clinical trials of this candidate vaccine are under consideration.
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8.3. T-cell-based vaccines

Vaccines based on robust T-cell responses are vital and crucial because such vaccine  triggers 
both antibodies and cytotoxic T-cell responses against an insidious virus [11]. The HCV-
infected cells display the viral surface and internal particles/molecules (i.e., HCV genome) to 
the immune system of the body, especially to CD4+ and CD8+ killer cells, which induce the host 
innate and acquired immune responses against the virus surface particles as well as the HCV 
genome [11]. CD8+ T-cell immunity induced by CD4+ T cells is mainly responsible for HCV 
viral infection control in human as well as in chimpanzee challenge studies [11]. Recently 
researchers have evaluated heterologous T-cell vaccine (ChAd3/MVA) targeting HCV non-
structural proteins in HCV genotype 1b-infected individuals [13]. The vaccine is a combina-
tion of replication-defective chimpanzee adenovirus (ChAd3) and modified vaccinia Ankara 
(MVA) vectors so named as ChAd3/MVA [13]. The vaccine induced higher magnitude of T-cell 
responses in most infected individuals against all six nonstructural (from NS2 to NS5B) anti-
genic pools in phase I clinical studies [13]. CD8+ memory T cells were also generated, and CD8+ 
T-cell polyfunctionality was also increased in vaccinated individuals [13]. There were no signs 
of regulatory T-cell induction which might suppress an anti-HCV immune response [13]. The 
viral heterogeneity and high mutation rate of HCV are always potential biological barriers 
to developing protective HCV vaccine. ChAd3/MVA vaccine generates cross-reactive T-cell 
responses between heterologous viral genotypes so may be tested in diverse HCV popula-
tions [13]. Now, this vaccine is under consideration for a larger phase II clinical trials to fur-
ther determine the efficacy of the vaccine.

Another therapeutic T-cell-based vaccine (GI-5005) is in clinical development which contains 
a fusion of HCV structural “core” and nonstructural “NS3” protein in yeast vector. The thera-
peutic efficacy of the vaccine was tested in both treatment-naïve and prior null responders 
to PEG-IFNα/RBV treatment in phase IIb clinical trials [99, 100]. Overall, 133 HCV genotype 
1-infected patients (96 treatment-naïve patients) were administered to once monthly dose of 
vaccine along with PEG-IFNα plus RBV vs. placebo (PEG-IFNα/RBV) for 48 weeks [100]. SVR 
rates were reported slightly higher in vaccinated patient’s arm than the patients in placebo 
(47 % vs. 35 %, respectively) [100]. However, the achieved SVR rates were not statistically sig-
nificant. The same trends in SVR rates were reported for the patients who were stratified by 
their prior treatment status. In that case, the previous null responders of PEG-IFNα plus RBV 
therapy achieved SVR rates only 17 % upon vaccination as compared to control studies who 
received PEG-IFN/RBV (SVR 5 % only) [101]. At subtype levels, treatment-naïve patients with 
unfavorable IL28B TT polymorphism met SVR24 in vaccinated patient’s arm as compared to 
those who treated with PEG- IFNα plus RBV alone [100]. The study was further expanded 
to 17 additional treatment-naïve patients with IL28B TT polymorphism, and the results were 
compared to the original 10 IL28B TT patients from the first cohort [100]. An undetectable 
HCV RNA level at the end of treatment was reported in 10 out of 16 patients (63 %) who 
received GI-5005 as compared to 3 out of 11 patients (27 %) who were treated with PEG-IFNα 
plus RBV alone [100].

Another recombinant poxvirus vaccine (TG-4040) expressing HCV nonstructural proteins 
(NS3, NS4, and NS5B) is in phase I clinical trials and demonstrated significantly higher SVR 
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rates in treated patients [102]. Some other potential anti-HCV vaccine models are also in the 
pipeline, including T-cell-based peptide vaccines, recombinant HCV subunit vaccines, and 
pseudo-viral particles expressing HCV glycoproteins (E1 and E2) [103, 104]. Preclinical stud-
ies of some of these vaccine models have shown spectacular results, but a lot of further clinical 
studies are required to evaluate their therapeutic outcomes.

8.4. Clinical issues regarding HCV vaccine trials

No doubt, much work is being done on the development of an effective anti-HCV vaccine 
model, but all the efforts revolve around HCV genotype 1 infection. We know very well that 
more than 100 million people worldwide are infected with HCV genotype 3, 4, 5, and 6 infec-
tions, and in some countries like Egypt, the infection is almost an endemic [11]. It may indi-
cate that the cross-reactive protective immunity induced by a proposed HCV vaccine model 
against one genotype would not be sufficient for selecting the best candidate HCV vaccine 
for the whole world. The other potential challenge is the lack of vaccine clinical trials in a 
high-risk population where some other factors are responsible for HCV transmission. In the 
United States and the Western world, where only 1–2 % general population are infected with 
HCV, more than 100,000 infected individuals have to be enrolled in clinical trials to determine 
vaccine efficacy[94]. The situation is different in developing world where HCV prevalence 
depends on various predisposing factors including injection drug users (IDUs), blood trans-
fusion without screening anti-HCV antibodies, unsterilized medical instruments use, pierc-
ing of ears and nose, unprotected sexual act, and healthcare workers. Such regions represent 
an alternative place to conduct HCV vaccine clinical trials. Similarly, in a highly endemic area 
(e.g., Egypt, where almost 22 % of the country’s population have afflicted with HCV), preven-
tive or protective vaccine trials may initiate. Unfortunately, the test results would be geno-
type specific in that area (i.e., HCV genotype 4 is the most prevalent genotype in Egypt and 
the Middle East) and may not apply to the other parts of the world. The lack of basic health 
infrastructure and intrinsic ethical and drug regulatory issues are also potential challenges in 
developing countries to initiate vaccine clinical trials.

Designing of vaccine clinical trials in some concrete and high-risk populations also depends 
on certain crucial factors including HCV prevalence, exposure frequency of the infection, viral 
infectivity, and infection chronicity. The infection rate should be reduced up to 50 % in the 
appropriate population size for the acceptable vaccine efficacy. By assigning a certain value 
to the above mentioned parameters in a high-risk population, at least, 500–10,000 individuals 
are required in vaccine clinical trials [105]. Although this number can be managed easily with 
the high-risk population and in HCV endemic area, but the testing and handling of large candi-
date vaccines pose particular challenges in this context. The ultimate success and realistic goal 
of HCV vaccines must be to prevent the chronic infection in infected individuals. To achieve this 
objective, the term “chronic HCV infection” must be clearly defined and should not rely on the 
classical definition based on chronic HBV infection (i.e., the persistence of HCV viral replication 
more than 6 months detected quantitatively by polymerase chain reaction). Some studies have 
demonstrated that during acute HCV infection, viral RNA fluctuates markedly from undetect-
able limit to a higher level of quantification (106 IU/ml) [106]. In such acutely infected  individuals, 
the viral clearance may not occur until 1 year later. Consequently, the clinical  trials for HCV 
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 vaccines need longer test duration (approximately 2 years). Withholding therapy is another ethi-
cal issue while treating acutely infected patients with PEG-IFNα and RBV after a close follow-up 
of 6–9 months [107]. Development of surrogate biomarkers and their validation to evaluate vac-
cine efficacy is also challenging. In all clinical trials, a standard methodology should be applied 
to compare the vaccine efficacy results with each other especially in high-risk populations.

One of the big concerns which is always debatable among doctors, researchers, public health-
care workers, policy makers, and patient groups is how to implement a successful vaccine 
program when once effective vaccines would be available in the future. In this scenario, cost-
effective analysis, careful monitoring of the adverse effects, and compliance with futility rules 
must be extensively scrutinized before issuing public health policies regarding mass vacci-
nation program [108]. Implementation of a universal HCV vaccination program instead of 
targeting high-risk populations would be more appropriate and have a profound impact in 
some developing countries where HCV is highly prevalent.

9. Conclusions

The development of novel direct-acting antivirals has simplified the treatment paradigm for 
chronically infected and difficult-to-treat HCV genotype populations around the globe. These 
game changer regimens have revolutionized the HCV therapeutics regarding pan-genotypic 
coverage, low pill burden, fewer drug-drug interactions, improved adverse event profile, and 
high barrier to drug resistance. However, the treatment cost and accessibility of the drugs to 
infected patients are major issues which must be resolved to get full therapeutic benefits of 
such therapeutic regimens. Interferon lambda is promising as more efficacious, well toler-
ated, and short treatment of duration and has been entered into phase III clinical trials with 
several direct-acting antivirals. It may be beneficial as an adjuvant therapy in IFN-α-intolerant 
patients as well as in individuals where IL28B genetic polymorphism is highly associated to 
lower SVR rates. The steadily improved DAAs are playing a frontline role to surmount the 
burden of HCV around the globe, but the development and implementation of a success-
ful HCV vaccine program would be mandatory to win an uphill battle against this silent 
epidemic. In this context, the core knowledge of intricate interplays between molecular and 
cellular immune responses toward HCV, viral clearance and persistence, and long-lasting 
immune responses would play a significant role to develop an effective protective HCV vac-
cine model. Adenovirus-based vector vaccines have shown promising results while gen-
erating durable, broad, sustained, and balanced innate and acquired immune response in 
chimpanzees and humans. A heterologous T-cell vaccine (ChAd3/MVA) has also shown very 
high levels of T-cell responses against multiple HCV antigens in HCV genotype 1b patients. 
If HCV vaccines are available in the near future, then mass vaccination program in high-risk 
populations would probably have a profound impact on eradicating HCV infection. The tech-
nology and scientific innovation definitely play its part, but the role of scientific community, 
implementation of controlled HCV healthcare policies, applications of risk prediction tools, 
collective will, and public health notes will galvanize the efforts to a proper ending of this 
silent epidemic from the world. Thus, this two-pronged attack on HCV—a variety of novel 
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direct-acting antivirals and the possibility of a vaccine—suggests the global eradication of 
HCV. Overall, the achievements and improvements in the field of HCV medicine predict that 
the future of HCV therapeutics is bright and becoming brighter every day.
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Abstract

MicroRNAs (miRNAs) are small‐sized RNAs with ability to regulate gene expression 
and have been recently discovered as promising diagnostic and therapeutic biomarkers 
in the field of clinical medicine and microbiology, specifically in viral diseases. Infections 
with hepatitis B virus (HBV) or hepatitis C virus (HCV) often lead to chronic infections 
and development of liver hepatocellular carcinoma (HCC). Challenges in early diag‐
nosis of HCC and rapid development of novel HCV antivirals call for identification of 
novel miRNA biomarkers. An extensive selection of single miRNAs and miRNA pan‐
els has been provided by accumulating studies, discovering miRNA potentials in HBV 
and HCV diagnostics and treatment. Currently, the diagnostic potential of miRNAs in 
HBV and HCV has not been established yet. However, a promising HCV treatment drug 
Miravirsen, a locked nucleic acid, complementary to miRNA‐122, has entered a human 
clinical trial recently. In this review, we outline the role of miRNAs in HBV and HCV 
pathogenesis and differences in up‐ and downregulation of miRNAs upon HBV and 
HCV infection and HCC development.

Keywords: microRNA, hepatitis B virus, hepatitis C virus, diagnosis, treatment

1. Introduction

Hepatitis B and C viruses (HBV and HCV) are globally spread hepatotropic pathogens and 
major etiological factors of liver cirrhosis and hepatocellular carcinoma (HCC), infecting mil‐
lions of people worldwide. HBV and HCV significantly differ in structure, genomic charac‐
teristics, and pathogenesis [1, 2].
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MicroRNAs (miRNAs) are small noncoding RNAs that control gene expression and par‐
ticipate in complex cellular pathways and pathogenesis of various viral infections and 
cancers [3–5].

Despite the availability of prophylactic HBV vaccine and recently improved HCV therapy 
strategies, early diagnosis of HBV/HCV‐related HCC, viral reactivation, resistance, drug 
interactions, and viral interferences in HBV/HCV co‐infected patients remain major obstacles 
in currently available HBV and HCV diagnostics and treatments [6, 7].

Multiple studies have proposed specific miRNA or miRNA panels to be used as biomarkers 
for HBV/HCV‐related liver disease, staging of liver disease progression, and anti‐HBV/HCV 
therapeutic options.

In this chapter, we briefly outline the HBV and HCV biology and basis of miRNA expression 
in liver and HCC. Subsequently, we summarize recently described and proposed miRNAs for 
HBV‐ and HCV‐associated diagnostics, particularly HBV/HCV‐related HCC.

2. Hepatitis B virus

Hepatitis B virus is an enveloped, partially double‐stranded DNA virus, classified in the 
Hepadnaviridae family. HBV genome is approximately 3.2 kb long and contains four RNA 
transcripts (P, S, C, and X), of which the S transcript encodes the surface antigen HBsAg, 
the main indicator of HBV infection [1]. Upon infection, cellular polymerase converts HBV 
DNA into covalently closed circular DNA (cccDNA), which represents a constant template 
for pregenomic RNA and mRNA transcription. Due to the stable state of HBV cccDNA in 
hepatocytes, HBV can reactivate after immunosuppression [1, 8].

HBV is classified into eight genotypes (designated A through H). Most chronic infections are 
related to infection with HBV genotypes B and C; however, in Europe, genotype D has been 
shown to be more often associated with active liver disease [1].

Globally, two billion people are infected with HBV, with majority of HBV infections occur‐
ring in South‐Eastern Asia and sub‐Saharan Africa [9, 10]. Approximately, one‐fourth of 
HBV‐infected individuals suffer from liver cirrhosis and 70–90% of HCC develop from cir‐
rhotic liver [1, 10]. In developing countries, HBV infection accounts for about 60% of the 
total liver cancer and in developed countries for about 23% [11]. In endemic areas, HBV 
infections occur mostly by vertical and perinatal transmission and in more than 90% lead to 
chronic HBV infections. In low prevalence countries, HBV infections occur mostly through a 
horizontal transfer (sexual transmission), which in more than 90% lead to acute HBV infec‐
tions with spontaneous viral clearance [10]. Despite improved HBV antiviral therapy over 
the past two decades, and the prophylactic anti‐HBV vaccine, available since 1981, prena‐
tal maternal HBeAg seropositivity in endemic countries remains significantly connected to 
HCC and elimination of cccDNA remains the major challenge in HBV‐related treatment 
strategies [1, 12, 13].
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in liver and HCC. Subsequently, we summarize recently described and proposed miRNAs for 
HBV‐ and HCV‐associated diagnostics, particularly HBV/HCV‐related HCC.

2. Hepatitis B virus

Hepatitis B virus is an enveloped, partially double‐stranded DNA virus, classified in the 
Hepadnaviridae family. HBV genome is approximately 3.2 kb long and contains four RNA 
transcripts (P, S, C, and X), of which the S transcript encodes the surface antigen HBsAg, 
the main indicator of HBV infection [1]. Upon infection, cellular polymerase converts HBV 
DNA into covalently closed circular DNA (cccDNA), which represents a constant template 
for pregenomic RNA and mRNA transcription. Due to the stable state of HBV cccDNA in 
hepatocytes, HBV can reactivate after immunosuppression [1, 8].

HBV is classified into eight genotypes (designated A through H). Most chronic infections are 
related to infection with HBV genotypes B and C; however, in Europe, genotype D has been 
shown to be more often associated with active liver disease [1].

Globally, two billion people are infected with HBV, with majority of HBV infections occur‐
ring in South‐Eastern Asia and sub‐Saharan Africa [9, 10]. Approximately, one‐fourth of 
HBV‐infected individuals suffer from liver cirrhosis and 70–90% of HCC develop from cir‐
rhotic liver [1, 10]. In developing countries, HBV infection accounts for about 60% of the 
total liver cancer and in developed countries for about 23% [11]. In endemic areas, HBV 
infections occur mostly by vertical and perinatal transmission and in more than 90% lead to 
chronic HBV infections. In low prevalence countries, HBV infections occur mostly through a 
horizontal transfer (sexual transmission), which in more than 90% lead to acute HBV infec‐
tions with spontaneous viral clearance [10]. Despite improved HBV antiviral therapy over 
the past two decades, and the prophylactic anti‐HBV vaccine, available since 1981, prena‐
tal maternal HBeAg seropositivity in endemic countries remains significantly connected to 
HCC and elimination of cccDNA remains the major challenge in HBV‐related treatment 
strategies [1, 12, 13].
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3. Hepatitis C virus

Hepatitis C virus has a positive‐sense single‐stranded RNA genome of approximate length 
of 9.6 kb and is classified in the family Flaviviridae. The HCV genome encodes a polyprotein 
that is cleaved into three structural and seven nonstructural proteins. Based on HCV genomic 
sequence diversity, HCV is classified into seven genotypes and more than 60 subtypes are 
identified [2, 14]. Genotypes 1, 2, and 3 are globally distributed and cause most of HCV infec‐
tions in North America and Europe. In Middle East and North and Central Africa, genotype 4 
prevails generally, in South Africa genotype 5, in Asia genotype 6, while a recently discovered 
genotype 7 originates from Central Africa [2, 15].

Currently, no vaccine is available for the prevention of HCV infection. Most HCV transmis‐
sions occur by intravenous drug abuse, sexual transmission, and occupational exposure to 
HCV‐infected blood [2]. Potential long‐term outcomes in chronically HCV‐infected people 
are liver cirrhosis and HCC, which remain the leading cause for liver transplantation. HCV 
is globally infecting over 150 million individuals [16–18]. Recent estimate on global anti‐HCV 
prevalence is 115 million‐infected individuals, of whom 80 million are actively viremic [19].

A recent study by Sibley et al. [20] forecasted changes in HCV‐related disease up to 2030 
and concluded that HCV‐related morbidity and mortality are estimated to increase due to an 
aging of the HCV‐infected population and currently available treatment will be inadequate if 
reductions in HCV‐related disease of this magnitude are to be achieved [20].

4. MicroRNAs

Micro‐ribonucleic acids (microRNAs/miRNAs) are noncoding RNAs of 18–25 nucleotides in 
length that complementarily target the 3′‐untranslated regions (3′ UTRs), or less commonly 
5′‐untranslated regions (5′ UTRs) of messenger RNAs (mRNAs) [3]. Genes encoding miRNAs 
are located in intragenic regions or introns of mRNAs or noncoding RNAs [21]. MiRNAs are 
transcribed from the genome by the RNA polymerase II into primary‐miRNA (pri‐miRNA) 
hairpins, which are processed by Drosha (class III RNase) into pre‐miRNAs. Pre‐miRNAs are 
exported from the nucleus to the cytoplasm, where they are processed by a second RNaseIII 
Dicer into short double‐stranded mature miRNAs, consisting of 5’ and 3’ arms. Finally, single‐
stranded miRNAs are assembled with specific proteins and form a RNA‐induced‐silencing 
complex (RISC). At least two to seven nucleotide complementarities with the target sequence 
are required for RISC‐mediated target silencing [22–24].

The binding of miRNAs in posttranscriptional or translational level provides a rapid and 
sensitive mechanism of gene expression regulation, either by suppressing the translation of 
mRNA or by promoting mRNA degradation [25]. Gene silencing by a full complementary 
miRNA sequence directs cleavage of the target mRNA, while partial complementary miRNA 
sequence suppresses mRNA translation [26, 27]. Currently, more than 2,588 mature miRNAs 
are reported in a human genome [28, 29] and due to sufficient partial complementarity to 

Importance of MicroRNAs in Hepatitis B and C Diagnostics and Treatment
http://dx.doi.org/10.5772/66498

323



the target sequence it has been shown that one type of miRNA could affect up to 200 genes, 
and over a 100 different targets can be involved in approximately 100 different biochemical 
pathways [30, 31].

4.1. MiRNAs mechanism

MiRNAs are participating in various cellular processes such as cell development, differen‐
tiation, proliferation, metabolism, immune responses, apoptosis, and oncogenesis [32, 33]. 
Estimates in humans suggest that 60–70% of all genes are regulated by miRNAs [4]. Being 
involved in numerous biological pathways, their expression and regulation reflect in various 
diseases, stages of the particular disease, especially in cancer development [34, 35].

MiRNAs are cell‐free‐circulating molecules that can be detected in almost every body fluid. 
Their high stability and accessibility make them ideal noninvasive markers for the early 
diagnosis of different pathophysiological processes. Indeed, a large amount of evidence sug‐
gests that miRNA profiles could provide a classification system for various tumors, as well 
as an important tool for the diagnosis and treatment of cancer and viral diseases [36–41]. 
Accordingly, cellular miRNAs have an ability to regulate pathogenesis of viral infections, and 
at the same time viruses manipulate with host cellular machinery, including miRNAs [42, 43].

Increased interest in hepatitis B and hepatitis C disease pathogenesis and diagnostics has lead 
to the emergence of various studies over the last 15 years that have tried to evaluate plasma 
and tissue levels of miRNAs in order to provide or improve the diagnosis of HBV and HCV 
infections as well as HBV‐ and HCV‐related HCC [5].

5. MiRNAs in normal liver

Liver consists of various cell types, mainly divided in the parenchymal cells (hepatocytes) 
and non‐parenchymal cells (biliary epithelial cells and lymphoid cells, etc.). Each cell type 
expresses its unique miRNA profile. While miRNAs are up‐ or downregulated in almost 
every stage of hepatic development, they accelerate or inhibit liver proliferation and play the 
major role in regulation of diverse liver functions [44]. It has been shown that a total of 277 
miRNAs are expressed in the liver, with miR‐122 being one of the most abundant and liver‐
specific miRNAs [45, 46]. Besides miR‐192, miR‐199a/b‐3p, miR‐101, miR‐99a, and let‐7a/b/c/f 
(let‐7 family), which account for 80% of the total miRNA in liver, miR‐122 accounts for 70% 
of the total liver miRNAs [45, 47]. Expression of miRNAs in the normal liver has been estab‐
lished by microarray systems and library sequencing [47–49].

5.1. Function of miRNAs in normal liver

The function of miR‐122 has been explored in a variety of in vivo studies, including the miR‐122 
gene knockdown or silencing of miR‐122 with antagomirs [50–52]. In the miR‐122 gene knock‐
down mice, it has been shown that the deletion of the miR‐122 gene resulted in hepatosteato‐
sis, hepatitis, and the development of liver tumors [52]. Beyond that, studies implicate miR‐122 
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as a key regulator of cholesterol and fatty‐acid metabolism [50]. However, results of studies 
evaluating up‐ and downregulated miRNA profiles in differentiating liver cells are not con‐
sistent. Besides various technical issues, including differences in clinical samples and different 
miRNA matrices in miRNA assays, different degrees of miRNA expression among studies 
suggest that the miRNA profile is also influenced by the origin of the progenitor cell and that 
it is difficult to compare miRNA profiles in different cellular developmental stages [53].

However, it has been shown in two studies by Liu et al. [54] and Tzur et al. [55] that embry‐
onic liver mainly contains miRNAs‐122, ‐192, ‐194, ‐451, and ‐483‐3p, whereas miR‐122 can be 
detected in embryonic stem cells as well as in hepatocytes and continues to be expressed in the 
adulthood. Studies of hepatic malignancy pathologies have shown that miRNAs have specific 
targets in specific disease states [44, 53, 56]. Interestingly, a biphasic pattern of miRNA expres‐
sion was observed in rats after liver surgical resection [57]. In the first 18 h after hepatectomy, 
about 40% of miRNAs were upregulated, whereas by 24 h there was a negative feedback 
mechanism which downregulated about 70% of all miRNAs [57]. These negative feedback 
loops are postulated to play an important role in liver regeneration processes, required for 
recovery of liver cells after injury; however, the abundance of miRNAs does not directly cor‐
relate with the predictable role of specific cells.

Since essential knowledge on liver regeneration processes has been delivered from rodent 
model studies, further studies are warranted to confirm post‐hepatectomy miRNA level 
changes in humans [4, 57]. Investigation of miRNA levels in specific stages of liver organo‐
genesis may reveal potential biomarkers for liver disease states.

6. miRNA and HBV‐ and HCV‐related liver disease

HCC is the fifth most common cancer worldwide. Deregulation of miRNA expression could 
be one of the key factors in the development of liver pathology, including viral hepatitis and 
HCC [11]. Evidence is rapidly growing that specific miRNAs could be used as potential bio‐
markers for HCC, tumor progression, and response to therapeutic targets [4].

Infection with HBV and HCV can lead to chronic hepatitis, liver cirrhosis, or even HCC. 
Approximately 50–80% of HCC cases are associated with chronic HBV or HCV infection 
[10]. In the past several years, the involvement of miRNA in the pathogenesis of HBV‐/HCV‐
related liver diseases has been well documented [53]. Since miRNAs can be directly involved 
in antiviral immune‐pathological events, it is inevitable that miRNA target sequences in viral 
populations remained conserved, providing relevant evidence of the biological significance 
of potential miRNA‐based antiviral interventions [58]. For the time being, no HBV‐ or HCV‐
encoded miRNAs have been reported. Using computational approaches, one candidate HBV 
miRNA has been found but its function remains undetermined [59].

It should be noted that miRNA dysregulation has been studied in various experimental 
settings, mainly involving in vitro systems, HBV‐/HCV‐replication‐supporting cell lines, 
transgenic mice, cultured hepatocytes (mouse/rat/human), circulating blood cells or serum 
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of HBV‐/HCV‐infected individuals, and liver tissue samples. MiRNA expression in model 
systems has been measured mainly with qualitative real time‐polymerase chain reactions 
(RT‐PCRs) and/or miRNA microarrays and less frequently with next‐generation sequencing 
(NGS) (for review, see [23, 60]).

6.1. MiRNAs and HBV infection

It is well known that numerous cellular miRNAs are able to promote or repress the HBV 
lifecycle, either by directly targeting HBV transcripts or by indirectly targeting cellular 
mediators, involved in the HBV pathogenesis. Alternatively, HBV infection dysregulates 
cellular miRNAs and in this manner controls the host gene expression to promote its rep‐
lication [60].

A variety of miRNAs have been reported in regulation of HBV replication namely miR‐122, 
let‐7 family, miR‐199 family, miR‐15 family, miR‐125 family, and miR‐17‐92 cluster (exten‐
sively reviewed in [60]). Reported effects of the most abundant liver miRNA, miR‐122, on 
HBV lifecycle remain mixed. Whereas some studies reported miRNAs as inhibitors of HBV 
replication [61–64], others have failed to even identify miR‐122 as a regulator of the HBV life‐
cycle [65]. For example, in a study by Qiu et al. [63], in comparison to the control system, co‐
transfection of Huh7 cells with miR‐122 inhibitor, and a plasmid encoding the HBV genome, 
the production of HBsAg and HBeAg increased, suggesting a negative regulatory effect of 
miR‐122 on HBV lifecycle.

The study of Wang et al. [64] reported downregulation of miR‐122 expression in liver of 
patients with HBV infection, in comparison to healthy controls, and showed that the miR‐122 
levels were negatively correlated with intrahepatic viral load and hepatic inflammation. 
Researchers concluded that HBV‐induced miR‐122 downregulation enhances HBV replica‐
tion through cyclin G1‐modulated P53 activity and that HBV mRNAs harboring complemen‐
tary sites to miR‐122 sequester miR‐122 and contribute to viral persistence and carcinogenesis 
[61, 64].

Guo et al. [66] showed that members of the miRs‐371‐372‐373 (miRs‐371‐3) gene cluster were 
co‐upregulated in HBV‐producing HepG2.2.15 cells and revealed that miRs‐372/373 pro‐
motes HBV expression by targeting the transcription factor NFIB. Furthermore, Zhang et al. 
[65] reported that miR‐1 promotes HBV replication, transcription, and antigen expression by 
indirect modulation of host genes expression in HCC cell line. In addition, they have shown 
that miR‐1 arrested cell cycle, inhibited proliferation, and therefore reversed the cancer cell 
phenotype, which is in contradiction with HBV‐induced carcinogenesis, since HBV infection 
promotes hepatocellular proliferation [65].

Jin et al. [67] have shown that downregulation of miR‐501 in HepG2.2.15 cells could signifi‐
cantly inhibit HBV replication, thus representing a potential therapeutic target. They sug‐
gested that miR‐501 promotes HBV replication through inhibition of the HBXIP, which 
interacts with HBx protein and normally represses HBV replication [67]. In a mouse model, 
Dai et al. [68] reported that miR‐15b promoted HBV replication by direct inhibition of hepa‐
tocyte nuclear factor HNF1α.
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On the other hand, miR‐125 family members, miR‐125a and miR‐125b, have been reported to 
suppress the HBV lifecycle. In the PLC/PRF/5 cell line, miR‐125a‐5p was identified as a down‐
regulator of HBsAg expression by directly targeting HBV RNAs [69], while miR‐125b inhibited 
HBV in HepG2.2.15 cells [70]. The miR‐22 has been reported as a regulatory molecule which 
inhibits HBV infection [71]. Furthermore, miR‐199a‐3p and miR‐210 were shown to repress the 
HBV replication in HepG2.2.15 cells by directly targeting the HBV S protein‐coding region [72], 
while inhibition of miR‐20 and miR‐92a‐1 increased levels of HBV RNAs in HepAD38 hepa‐
toma cells [73]. Hu et al. [74] demonstrated that miR‐141 suppresses HBV replication by reduc‐
ing HBV promoter activities and two separate studies suggested upregulation of miR‐181a in 
HBV‐infected hepatoma cells, implying an important role in the development of HCC [75, 76].

6.2. MiRNAs and HCV infection

HCV lifecycle is influenced by host miRNAs in all stages: entry, translation, replication, and 
assembly [43]. As the HCV genome is single‐stranded RNA, it serves as a template for its rep‐
lication and direct binding site for host miRNAs. Among high number of miRNAs reported 
to be involved in the regulation of HCV infection and replication, most miRNAs have been 
documented to directly target the HCV genome: miR‐1, miR‐30, miR‐122, miR‐128, miR‐196, 
miR‐296, miR‐351, miR‐431, and miR‐448 [77, 78].

Microarray analysis on human hepatoma cells has revealed changed expression profiles 
of 108 human miRNAs after HCV infection [79]. Furthermore, Liu et al. [79] showed that 
after acute HCV infection, miR‐122 was downregulated, whereas miR‐296 and miR‐351 were 
significantly upregulated. In addition, it has been shown that HCV infection upregulated 
the expression of miR‐192, miR‐194, and miR‐215, whereas the expression of miR‐320 and 
miR‐491 was downregulated [80]. It was reported that miR‐192/miR‐215 and miR‐491 could 
enhance HCV replication [80].

For the most abundant miRNA in the liver, miR‐122, it has been demonstrated that it pro‐
motes HCV replication by direct binding to the less commonly used UTR‐binding site, the 
5′ UTR site of the HCV RNA, which leads to Argonaute (Ago) protein complex recruitment, 
stabilization of the viral RNA, and activation of the RNA translation [77, 81, 82]. In vitro stud‐
ies have shown that miR‐122 is essential for HCV replication [81].

On the other hand, it has been shown that miR‐122 exhibits anti‐inflammatory and anti‐
tumorigenic properties in mice knockdown studies [52]. Mixed results exist on expression 
levels of miR‐122 and development of HCC‐ or HCV‐induced HCC. Coulouarn et al. [83] have 
shown that the loss of miR‐122 expression in liver cancer correlated with HCC progression, 
whereas in another study, the upregulation of miR‐122 promoted the HCV‐related HCC [84].

The increased expression of miR‐155 in HCV‐infected patients promotes hepatocarcinogenesis 
and inhibits apoptosis of hepatocytes [85]. Furthermore, the direct effect on HCV replication 
cycle has been determined in the cell culture system for the miR‐196b, which is complementary to 
the NS5A region of the HCV genome and is downregulated in HCV‐infected patients. MiR‐196b 
inhibits HCV replication directly by targeting HCV RNA or indirectly by increasing the expres‐
sion of HMOX1. It has anti‐inflammatory, antioxygenic, and hepatoprotective properties [86].
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Some miRNAs can facilitate HCV lifecycle by targeting host proteins involved in innate 
immunity‐signaling pathways. For example, HCV induced upregulation of miR‐130 blocks 
expression of interferon stimulatory gene IFITM1, which promotes HCV entry into host cells 
[87]. Furthermore, miR‐491 promotes HCV replication through inhibition of the PI3 kinase/
Akt pathway, one of the pathways leading to cancerous properties [80]. Studies analyzing 
circulating miRNA profiles in serum provide novel insights on miRNA expression in HCV 
pathogenesis [88, 89]. In a study by Shwetha et al. [89], it has been shown that the expression 
of miR‐134, miR‐198, miR‐320c, and miR‐483‐5p was upregulated in patients infected with 
HCV 1 and HCV 3 genotypes.

Complex correlation between hepatic expression of abundant liver miRNAs, miR‐122, 
miR‐126, miR‐136, and miR‐181a, and histopathological and clinical characteristic of HCV‐
infected patients has been reported by Boštjančič et al. [31]. The study included liver biopsies 
of patients infected with different genotypes (1, 1a, 1b, 3, and 4) and provided an important 
insight into miRNA expression patterns in different stages and grades of liver disease and 
revealed association among specific miRNA deregulation and patient gender, serum HCV 
viral load, presence of steatosis, and mode of HCV transmission [31].

By contrast, another study by Elhelw et al. [90] has demonstrated upregulation of miR‐181a in 
serum samples of HCV genotype 4‐infected individuals and downregulation in HCV‐infected 
Huh7 cells. In addition, the inverse correlation between miR‐181a serum levels, viral load, 
and liver enzymes was observed. Due to complexity of viral and host factors involved in HCV 
infection and progression to HCV‐induced HCC, multiple clinical parameters should be con‐
sidered and controlled for in the future studies. A systematic approach was recently reported 
by Oliveira et al. [91]. The study evaluated liver and serum expression of miR‐122 in patients 
infected with HCV genotypes 1 and 3 to identify possible associations between miR‐122 
expression and lipid profiles, HCV viral load, apolipoproteins, and liver enzymes [91].

7. MiRNAs as biomarkers in diagnostics and treatment of HBV and HCV

Early diagnosis and treatment of HCC remain challenging due to the lack of early detection meth‐
ods, limited access to diagnosis, expensive medications and the presence of comorbidities, coin‐
fections, and contraindications due to different host and viral factors. Most of HBV‐/HCV‐infected 
individuals remain undiagnosed before they seek medical help due to advanced HCC [10, 92].

The gold standard for the etiology of liver diseases is liver biopsy, an invasive method being 
replaced recently by serological methods and imaging technologies. Current diagnostic tech‐
niques for HCC, which are generally divided into radiological (first‐line diagnostic method 
is ultrasound) and serological methods (serological marker alpha‐fetoprotein, AFP, and des‐
gamma‐carboxy prothrombin), provide limited reliability [93, 94].

7.1. MiRNAs as biomarkers in body fluids

MiRNAs can be detected in various body fluids, such as plasma, serum, urine, and infected 
or diseased tissue and may exhibit host responses to the pathogen or other inflammatory 
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processes; however, miRNA levels in body fluids may not necessarily reflect the miRNA level 
in the infected/diseased tissue, and second, the same miRNA may be upregulated in one 
state of disease and downregulated in another. To provide optimal management of HBV‐ 
and HCV‐related diseases, novel surrogate miRNA biomarkers should be considered [41]. A 
great amount of studies provide promising information on miRNAs as potential diagnostic 
biomarkers of HBV or HCV infection as well as potential diagnostic and treatment tool in 
HBV‐/HCV‐related HCC. According to specific miRNA targets and up‐ or downregulation 
of miRNA expression, potential imitating or antagonistic characteristics of miRNAs could be 
used in HBV‐/HCV‐related therapy.

7.2. HBV miRNA biomarkers

Currently used markers in the diagnostics of HBV can serve as indicators of specific HBV infec‐
tion phases; however, none of them can be used to predict the HBV infection outcome [41].

Several studies suggest that the use of miRNA panels in serum or liver tissue could improve 
the specificity of HBV diagnostics. For example, Li et al. [41] have reported that their 13‐
miRNA‐based biomarker panel could accurately discriminate between HBV cases from 
healthy controls and HCV cases, as well as HBV‐positive HCC cases from healthy controls 
and HBV‐infected patients. The panel of 13 miRNA consisted of the following miRNAs: 
miR‐375, miR‐92a, miR‐10a, miR‐223, miR‐423, miR‐23b/a, miR‐342‐3p, miR‐99a, miR‐122a, 
miR‐125b, miR‐150, and let‐7c [41] (Table 1).

In order to reliably differentiate HCC from chronic HBV infection, cirrhosis, and healthy sub‐
jects, plasma panel of seven miRNAs (miR‐122, miR‐192, miR‐21, miR‐223, miR‐26a, miR‐27a, 
and miR‐801) has been investigated by Zhou et al. [104]. Mizuguchi et al. [107] employed 
sequencing‐based miRNA clustering and showed that the panel of miRNAs was more effec‐
tive for the detection of high‐risk patients for HBV‐related HCC recurrence after liver surgery, 
in comparison to investigation of a single miRNA. MiR‐122, miR‐21, and miR‐34a were identi‐
fied as potential biomarkers for the prediction of HBV‐related HCC.

The miR‐34a is a direct target of the P53 and it has been shown that the expression of miR‐34a 
is downregulated in several human cancers, and when overexpressed, miR‐34a can repress 
several oncogenes and induces apoptosis and arrest of the cell cycle. Deletion of gene region 
encoding miR‐34a has been well detected in breast, lung, cervical, and prostate cancers 
(reviewed by Agostini and Knight [111]). A mimic miR‐34a (MRX34) became a promising 
therapeutic tool for HCC and has reached a clinical trial, phase 1 in 2013 [111].

Individual miRNAs or combination of miRNA and serological markers for HCC have been 
examined and proposed. While an upregulated oncogenic miRNA‐27a has been suggested as 
a therapeutic target in HBV‐related HCC patients [108] and miR‐101 as a potential noninva‐
sive biomarker to differentiate HBV‐related HCC from HBV liver cirrhosis [97, 112], a combi‐
nation of circulating miR‐126 and AFP has been proposed as a promising noninvasive‐specific 
diagnostic biomarker for HBV‐related HCC. Furthermore, combinations of miR‐126/AFP AFP 
and miR‐142‐3p/AFP showed higher efficiency rather than AFP alone in discriminating HCC 
from non‐HCC patients [99].
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miRNA Deregulation Type of sample Type of method Clinical relevance Reference

miR‐101 Up/down HepG2 and 
HepG2.2.15, HBV‐
HCC tissue, Hep3B, 
and L02, HBVHCC‐
related serum

Microarray, 
qRT‐PCR

Biomarker for 
monitoring the 
progression of tumor 
development in HBV‐
related HCC

Zhang et al. 
[95], Wei et al. 
[96], Fu et al. 
[97]

miR‐106b‐25 
cluster 
(miR‐106b, 
miR‐93, miR‐25)

Up HBV‐infected HCC 
patients

Microarray, 
qRT‐PCR,

Decrease in survival 
time, increase in the 
recurrence rate and 
HCC differentiation in 
HBV‐related HCC

Yen et al. [98]

miR‐122a Up HBV‐infected 
serum, liver tissue of 
HBV‐related HCC

qRT‐PCR, NGS HCC differentiation 
from healthy, chronic 
hepatitis and  
cirrhosis

Li et al. [41]

miR‐126 Up Plasma of HBV 
HCC, liver tissue 
of HCC

Microarray Potential biomarker for 
HBV‐related HCC

Ghosh et al. [99]

miR‐132‐3p Up Plasma of HBV‐
related HCC 
patients

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐141‐3p Up Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐142‐3p Up Plasma and liver 
tissue of HBV‐
related HCC

Microarray Potential biomarker for 
HBV‐related HCC

Ghosh et al. [99]

miR‐146a Up/down HepG2 and 
HepG2.2.15, HBV‐
related HCC and 
serum

Microarray 
and Northern 
blotting

Involved in chronicity 
of HBV infection

Liu et al. [75], 
Gui et al. [102], 
Zhang et al. [95]

miR‐146b‐5p Up/down HepG2 and 
HepG2.2.15, HBV‐
related HCC, HBV‐
infected serum

Microarray, 
qRT‐PCR, NGS

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Hou et al. [47], 
Zhang et al. [95]

miR‐155 Up HepG2, H7402 qRT‐PCR Inhibits HBV infection 
in human hepatoma 
cells

Su et al. [103]

miR‐181a/b Up HepG2 and 
HepG2.2.15

Microarray, 
Northern 
blotting, 
qRT‐PCR

Important role in 
HBV‐induced HCC 
development

Liu et al. [75], 
Zou et al. [76]

miR‐185‐5p Up Plasma of HBV‐
related HCC 
patients

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐192 Up HBV‐related HCC 
plasma

qRT‐PCR, 
microarray

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. [104]
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miRNA Deregulation Type of sample Type of method Clinical relevance Reference

miR‐101 Up/down HepG2 and 
HepG2.2.15, HBV‐
HCC tissue, Hep3B, 
and L02, HBVHCC‐
related serum

Microarray, 
qRT‐PCR

Biomarker for 
monitoring the 
progression of tumor 
development in HBV‐
related HCC

Zhang et al. 
[95], Wei et al. 
[96], Fu et al. 
[97]

miR‐106b‐25 
cluster 
(miR‐106b, 
miR‐93, miR‐25)

Up HBV‐infected HCC 
patients

Microarray, 
qRT‐PCR,

Decrease in survival 
time, increase in the 
recurrence rate and 
HCC differentiation in 
HBV‐related HCC

Yen et al. [98]

miR‐122a Up HBV‐infected 
serum, liver tissue of 
HBV‐related HCC

qRT‐PCR, NGS HCC differentiation 
from healthy, chronic 
hepatitis and  
cirrhosis

Li et al. [41]

miR‐126 Up Plasma of HBV 
HCC, liver tissue 
of HCC

Microarray Potential biomarker for 
HBV‐related HCC

Ghosh et al. [99]

miR‐132‐3p Up Plasma of HBV‐
related HCC 
patients

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐141‐3p Up Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐142‐3p Up Plasma and liver 
tissue of HBV‐
related HCC

Microarray Potential biomarker for 
HBV‐related HCC

Ghosh et al. [99]

miR‐146a Up/down HepG2 and 
HepG2.2.15, HBV‐
related HCC and 
serum

Microarray 
and Northern 
blotting

Involved in chronicity 
of HBV infection

Liu et al. [75], 
Gui et al. [102], 
Zhang et al. [95]

miR‐146b‐5p Up/down HepG2 and 
HepG2.2.15, HBV‐
related HCC, HBV‐
infected serum

Microarray, 
qRT‐PCR, NGS

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Hou et al. [47], 
Zhang et al. [95]

miR‐155 Up HepG2, H7402 qRT‐PCR Inhibits HBV infection 
in human hepatoma 
cells

Su et al. [103]

miR‐181a/b Up HepG2 and 
HepG2.2.15

Microarray, 
Northern 
blotting, 
qRT‐PCR

Important role in 
HBV‐induced HCC 
development

Liu et al. [75], 
Zou et al. [76]

miR‐185‐5p Up Plasma of HBV‐
related HCC 
patients

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐192 Up HBV‐related HCC 
plasma

qRT‐PCR, 
microarray

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. [104]
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miRNA Deregulation Type of sample Type of method Clinical relevance Reference

miR‐1228‐5p Up Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐20a/20a‐5p Up/down HepG2 and 
HepG2.2.15, plasma 
of HBV‐related 
HCC

Microarray, 
qRT‐PCR

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Wen et al. [100], 
Zhang et al. [95]

miR‐21 Up/down HepG2, 
HepG2.2.15, 
Hep3B, HBV‐
related HCC, 
plasma of HBV 
HCC, liver tissue 
of HCC

qRT‐PCR, stem‐
loop RT‐qPCR, 
microarray, 
NGS, clone 
count

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Hou et al. 
[47], Zhou et 
al. [104], Gao 
et al. [105], 
Bandopadhyay 
et al. [106], 
Ghosh et al. 
[99], Mizuguchi 
et al. [107]

miR‐23a/b Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker to 
differentiate HBV‐
related HCC from 
controls

Li et al. [41]

miR‐25/25‐3p Up HBV‐infected 
serum, HepG2 and 
HepG2.2.15, plasma 
of HBV‐related 
HCC

qRT‐PCR, 
microarray, 
NGS

Biomarker to 
differentiate HBV‐
related HCC from 
controls

Li et al. [41], 
Zhang et al. 
[95], Wen et al. 
[100]

miR‐27a Up/down HBV‐related HCC, 
HepG2 and Huh7, 
HBV‐related HCC 
plasma

qRT‐PCR, 
microarray

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. 
[104], Wu et al. 
[108]

miR‐200b Up HepG2, HepG2.2.15 microarray, 
Northern 
blotting

involved in chronicity 
of HBV infection

Liu et al. [75]

miR‐206 Up Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐221 Up/down HepG2, 
HepG2.2.15, 
Hep3B, HBV‐
related HCC

Microarray, 
Stem‐loop 
RT‐qPCR

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Gao et al. [105], 
Zhang et al. [95]

miR‐222 Up/down HepG2 and 
HepG2.2.15

Microarray, 
qRT‐PCR

Promotes cell growth 
and migration

Bandopadhyay 
et al. [106], 
Zhang et al., 
2011 [95]

miR‐223 Up/down HBV‐infected 
serum, plasma

qRT‐PCR, 
microarray, 
NGS

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. 
[104], Li et al. 
[41]

miR‐224 Up/down Hep3B and HepG2 Stem‐loop 
RT‐qPCR

Significantly 
upregulated in HCC

Gao et al. [105], 
Zhang 2011 [95]
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miRNA Deregulation Type of sample Type of method Clinical relevance Reference

miR‐30a‐5p Up Plasma of HBV‐
related HCC

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐34a Up HBV‐related liver 
samples

NGS, clone 
count

Expressed aberrantly in 
liver cancer

Mizuguchi et al. 
[107]

miR‐320a Up Plasma of HBV 
HCC

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐324‐3p Up Plasma of HBV 
HCC

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐342‐3p Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐375 Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐423 Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐433‐3p Up Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐801 Up HBV‐related HCC 
plasma

qRT‐PCR, 
microarray

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. [104]

miR‐92a/92a‐3p Up HBV‐infected 
serum, plasma of 
HBV HCC

qRT‐PCR, 
microarray, 
NGS

Potential biomarker for 
HBV‐related HCC

Wen et al. [100], 
Hou et al. [47], 
Li et al. [41]

let‐7f Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐15a Up/down HepG2 and 
HepG2.2.15, plasma 
of HBV‐related 
HCC, liver tissue 
of HCC

Microarray 
and Northern 
blotting

Involved in chronicity 
of HBV infection

Liu et al. [75], 
Ghosh et al. [99]

miR‐18a/b Up/down HepG2 and 
HepG2.2.15, HBV‐
related HCC serum

Microarray, 
NGS, Northern 
blotting, 
qRT‐PCR

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Zhang et al. 
[95], Li et al. 
[109]

miR‐100 Down HBV‐related HCC qRT‐PCR Important deregulated 
miRNA in HCC

Hou et al. [47]

miR‐106a Down HepG2 and 
HepG2.2.15

Microarray Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Zhang et al. [95]
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miRNA Deregulation Type of sample Type of method Clinical relevance Reference

miR‐30a‐5p Up Plasma of HBV‐
related HCC

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐34a Up HBV‐related liver 
samples

NGS, clone 
count

Expressed aberrantly in 
liver cancer

Mizuguchi et al. 
[107]

miR‐320a Up Plasma of HBV 
HCC

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐324‐3p Up Plasma of HBV 
HCC

qRT‐PCR Potential biomarker for 
HBV‐related HCC

Wen et al. [100]

miR‐342‐3p Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐375 Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐423 Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐433‐3p Up Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐801 Up HBV‐related HCC 
plasma

qRT‐PCR, 
microarray

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. [104]

miR‐92a/92a‐3p Up HBV‐infected 
serum, plasma of 
HBV HCC

qRT‐PCR, 
microarray, 
NGS

Potential biomarker for 
HBV‐related HCC

Wen et al. [100], 
Hou et al. [47], 
Li et al. [41]

let‐7f Up HBV‐infected 
serum

qRT‐PCR, NGS Biomarker for 
differentiation of HBV‐
positive HCC from 
controls

Li et al. [41]

miR‐15a Up/down HepG2 and 
HepG2.2.15, plasma 
of HBV‐related 
HCC, liver tissue 
of HCC

Microarray 
and Northern 
blotting

Involved in chronicity 
of HBV infection

Liu et al. [75], 
Ghosh et al. [99]

miR‐18a/b Up/down HepG2 and 
HepG2.2.15, HBV‐
related HCC serum

Microarray, 
NGS, Northern 
blotting, 
qRT‐PCR

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Zhang et al. 
[95], Li et al. 
[109]

miR‐100 Down HBV‐related HCC qRT‐PCR Important deregulated 
miRNA in HCC

Hou et al. [47]

miR‐106a Down HepG2 and 
HepG2.2.15

Microarray Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Zhang et al. [95]
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miRNA Deregulation Type of sample Type of method Clinical relevance Reference

miR‐122 Down HepG2.2.15, HBV 
infected HCC 
tissue, HBV‐related 
HCC plasma

Microarray, 
qRT‐PCR, NGS, 
clone count

Potential biomarker for 
HCC detection

Zhou et al. [104], 
Li et al. [61], 
Fan et al. [62], 
Mizuguchi et al. 
[107]

miR‐122‐5p Down Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐125b‐5p Up/down HBV‐related HCC, 
HBV positive 
plasma

qRT‐PCR, 
microarray, 
NGS

Potential biomarker for 
HBV‐related HCC

Hou et al. [47], 
Giray et al. [110]

miR‐143 Down HepG2 and 
HepG2.2.15

qRT‐PCR, 
microarray, 
NGS

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Hou et al. [47], 
Zhang et al. [95]

miR‐145 Down HepG2, Hep3B. 
HBV‐related HCC, 
HBV‐infected serum

Stem‐loop 
RT‐qPCR

Candidate tumor‐
suppressor miRNA

Gao et al. [105], 
Bandopadhyay 
et al. [106]

miR‐192‐5p Down Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐199a‐5p Down Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101], 
Zhang et al. [95]

miR‐199a/b‐3p Down HBV‐related HCC qRT‐PCR, 
microarray, 
NGS

Important deregulated 
miRNA in HCC

Hou et al. [47]

miR‐199b‐5p Down HepG2, 
HepG2.2.15, 
Hep3B. HBV‐
related HCC

miRNA 
microarray, 
Stem‐loop 
RT‐qPCR

Potential research 
interest in chronic HBV 
infections and HBV‐
induced HCC

Gao et al. [105], 
Zhang et al. [95]

miR‐22 Down HepG2 and HBV‐
related HCC

qRT‐PCR Inhibits viral gene 
expression

Shi et al. [71]

miR‐26a Down HBV‐related HCC 
plasma

qRT‐PCR, 
microarray

HCC differentiation 
from healthy, chronic 
hepatitis and cirrhosis

Zhou et al. [104]

miR‐26a‐5p Down Serum of HBV‐
related HCC 
patients

NGS, qRT‐PCR Clinical value in 
HBV‐related HCC 
diagnostics

Tan et al. [101]

miR‐29c Down HBV‐related HCC qRT‐PCR, 
microarray, NGS

Tumor‐ suppressive 
miRNA

Hou et al. [47]

let‐7a/b/c/d Down HBV‐related HCC qRT‐PCR, 
microarray, NGS

Important deregulated 
miRNA in HCC

Hou et al. [47]

Abbreviations: HCC, hepatocellular carcinoma; NGS, next‐generation sequencing; ND, no data available; qRT‐PCR, 
quantitative real‐time polymerase chain reaction.

Table 1. Studies reporting on miRNA deregulation in HBV‐infected patients with HCC or in HBV‐expressing cell lines.
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Serum miRNAs could serve as biomarkers for the detection of liver pathologies [102]. Serum 
HBV‐related miRNAs for HBV‐related HCC diagnosis have been investigated by Tan et al. 
[101]. The study identified eight miRNAs (miR‐206, miR‐141‐3p, miR‐433‐3p, miR‐1228‐5p, 
miR‐199a‐5p, miR‐122‐5p, miR‐192‐5p, and miR‐26a‐5p) and constructed a miRNA set that 
provided high diagnostic accuracy for HBV‐related HCC [101]. The study published by 
Winther et al. [113] presented a panel of circulating plasma miRNAs that are differentially 
expressed in immunological phases of chronically HBV‐infected children and positively cor‐
related with the quantity of HBsAg.

A multicenter study was conducted by Wen et al. [100] to discover a panel of plasma miRNAs 
to discriminate HBV‐related HCC patients from healthy controls. The study revealed that four 
miRNAs (miR‐20a‐5p, miR‐320a, miR‐324‐3p, and miR‐375) (alone or combined with AFP) 
could be used as preclinical biomarkers in HCC screening, while the expression profile of eight 
miRNAs (miR‐20a‐5p, miR‐25‐3p, miR‐30a‐5p, miR‐92a‐3p, miR‐132‐3p, miR‐185‐5p, miR‐
320a, and miR‐324‐3p) can discriminate HCC patients from noncancerous controls [100]. Some 
of the described miRNAs were studied as well by Zhang et al. [95]. MiR‐18a, miR‐125b‐5p, 
and miR‐223‐3p were well described as potential biomarkers for HBV‐related HCC [109, 110].

Hou et al. [47] performed an extensive study of miRNomes in human normal liver, hepati‐
tis liver, and HCC. Researchers presented 15 deregulated miRNAs in 40 HBV‐related HCC 
samples in comparison to healthy controls. Additionally, the consistent decline of miR‐
199a/b‐3p in HCC and its significant correlation with poor prognosis of HCC patients has 
been elucidated, suggesting miR‐199a/b‐3p as a potential HBV therapeutic target. Gao et al. 
[105] investigated the expression of cancer‐related miRNA profiles in early stages of HBV‐
related HCC development and observed altered miRNA expression at various pre‐malignant 
stages of HCC and persistent downregulation of miR‐145 and miR‐199b and upregulation of 
miR‐244 throughout the HCC development. The miR‐145 has been suggested as a candidate 
tumor‐suppressive miRNA due to suppression of cell proliferation caused by overexpression 
of miR‐145 precursor in HepG2 cell lines and abundant expression of miR‐145 in non‐tumor‐
ous livers as well as pre‐malignant low‐grade dysplastic nodules.

Several studies have suggested the role of HBx protein in miRNA expression during HBV infec‐
tion [67, 96, 98, 106]. For example, the recent study, conducted on 120 patients with HBV‐related 
HCC, has shown that the expression of miR‐106b was significantly higher in HBV‐related HCC 
patients in comparison to non‐HBV/non‐HCV‐related HCC patients and suggested that HBx 
enhances miR‐106b transcription and therefore promotes tumor progression in HBV‐related 
HCC [98]. Transfection with the HBx expression plasmid has been recently used in an addi‐
tional study by Yu et al. [114] to investigate HBx‐related regulation of miR‐19a, miR‐122, and 
miR‐223 in malignant hepatocytes. The study has shown that the expression of miRNAs was 
regulated by HBx protein, which enhanced the proliferation of HBx‐transfected HepG2 cells.

7.3. HCV miRNA biomarkers

Apart from a variety of published studies focusing on the identification of HCV infec‐
tion miRNA biomarkers [88], our review focused more on difference in miRNAs profiles 

Advances in Treatment of Hepatitis C and B334



Serum miRNAs could serve as biomarkers for the detection of liver pathologies [102]. Serum 
HBV‐related miRNAs for HBV‐related HCC diagnosis have been investigated by Tan et al. 
[101]. The study identified eight miRNAs (miR‐206, miR‐141‐3p, miR‐433‐3p, miR‐1228‐5p, 
miR‐199a‐5p, miR‐122‐5p, miR‐192‐5p, and miR‐26a‐5p) and constructed a miRNA set that 
provided high diagnostic accuracy for HBV‐related HCC [101]. The study published by 
Winther et al. [113] presented a panel of circulating plasma miRNAs that are differentially 
expressed in immunological phases of chronically HBV‐infected children and positively cor‐
related with the quantity of HBsAg.

A multicenter study was conducted by Wen et al. [100] to discover a panel of plasma miRNAs 
to discriminate HBV‐related HCC patients from healthy controls. The study revealed that four 
miRNAs (miR‐20a‐5p, miR‐320a, miR‐324‐3p, and miR‐375) (alone or combined with AFP) 
could be used as preclinical biomarkers in HCC screening, while the expression profile of eight 
miRNAs (miR‐20a‐5p, miR‐25‐3p, miR‐30a‐5p, miR‐92a‐3p, miR‐132‐3p, miR‐185‐5p, miR‐
320a, and miR‐324‐3p) can discriminate HCC patients from noncancerous controls [100]. Some 
of the described miRNAs were studied as well by Zhang et al. [95]. MiR‐18a, miR‐125b‐5p, 
and miR‐223‐3p were well described as potential biomarkers for HBV‐related HCC [109, 110].

Hou et al. [47] performed an extensive study of miRNomes in human normal liver, hepati‐
tis liver, and HCC. Researchers presented 15 deregulated miRNAs in 40 HBV‐related HCC 
samples in comparison to healthy controls. Additionally, the consistent decline of miR‐
199a/b‐3p in HCC and its significant correlation with poor prognosis of HCC patients has 
been elucidated, suggesting miR‐199a/b‐3p as a potential HBV therapeutic target. Gao et al. 
[105] investigated the expression of cancer‐related miRNA profiles in early stages of HBV‐
related HCC development and observed altered miRNA expression at various pre‐malignant 
stages of HCC and persistent downregulation of miR‐145 and miR‐199b and upregulation of 
miR‐244 throughout the HCC development. The miR‐145 has been suggested as a candidate 
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of miR‐145 precursor in HepG2 cell lines and abundant expression of miR‐145 in non‐tumor‐
ous livers as well as pre‐malignant low‐grade dysplastic nodules.

Several studies have suggested the role of HBx protein in miRNA expression during HBV infec‐
tion [67, 96, 98, 106]. For example, the recent study, conducted on 120 patients with HBV‐related 
HCC, has shown that the expression of miR‐106b was significantly higher in HBV‐related HCC 
patients in comparison to non‐HBV/non‐HCV‐related HCC patients and suggested that HBx 
enhances miR‐106b transcription and therefore promotes tumor progression in HBV‐related 
HCC [98]. Transfection with the HBx expression plasmid has been recently used in an addi‐
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between HCV‐infected cancerous liver cells and HCV‐infected cells without progression to 
HCC. Despite the fact that treatment for most common HCV genotype 1 has been evolving 
rapidly in the past 10 years, no effective and safe anti‐HCV vaccine is available and only 
approximately 50% of patients, infected with HCV genotype 1 (the more common geno‐
type in USA and Western Europe), reach sustained viral response (SVR) while treated with 
most accessible treatment, the interferon. Therefore, the management of HCV‐induced 
liver disease remains problematic [115].

Antagonism of miR‐122 by locked nucleic acid is a promising tool for the treatment of HCV. 
The current most advanced research on miR‐122 antagonist Miravirsen is discussed in the 
following section. Likewise, the therapeutic potential of mimic miR‐196b is presented by 
Kaluzna [30], reviewing studies which confirmed the ability of miR‐196b to inhibit HCV rep‐
lication and revealed that interferon‐induced overexpression of miR‐196b decreases inflam‐
mation and leads to a better response in interferon‐based HCV therapy.

Circulating serum levels of miR‐122 and miR‐222 have been shown to be useful potential 
diagnostic biomarkers for chronic HCV infection in Egyptian patients [116–118], whereas 
in another study miR‐122, miR‐199a, and miR‐16 have been implicated as potential early 
diagnostic biomarkers for HCC in Egyptian patients, chronically infected with HCV [118] 
(Table 2).

Of note, miR‐222 and miR‐224 have been reported to be upregulated in both, HBV and HCV 
infections [95, 105, 116, 121]. However, Bandopadhyay et al. [106] and Zhang et al. [95] reported 
downregulation of miR‐222 and miR‐224 in HBV‐infected patients, respectively. As expres‐
sion profiles of circulating serum biomarkers became a subject of interest in different disease 
studies, serum miRNAs possibly involved in HCV‐related HCC have been investigated in 
several studies. Oksuz et al. [119] examined HCV‐infected patients with chronic infection, 
cirrhosis, and HCC and compared them with control group samples. When all groups of 
samples were compared, the study revealed deregulation of miR‐30c‐5p, miR‐223‐3p, miR‐
302c‐3p, and miR‐17‐5p in cirrhosis and HCC, suggesting possible novel noninvasive bio‐
markers for HCC.

Using whole‐genome expression profiling, Abdalla and Haj‐Ahmad [120] identified 10 
potential HCV‐induced HCC biomarker candidates in urine; five of which were upregu‐
lated in HCC: miR‐335, miR‐618, miR‐625, miR‐532, and miR‐7, and five downregulated: 
miR‐323, miR‐449, miR‐520d, miR‐516‐5p, and miR‐650. The proposed tandem signature 
of downregulated miR‐650 and upregulated miR‐618 showed improved sensitivity and 
specificity for HCC detection, in comparison to the traditional AFP‐level‐based detection 
method.

Increased expression of miR‐155 in hepatocytes of patients infected with HCV has been con‐
firmed in vitro and in vivo by Zhang et al. [85]. In addition, the study revealed that overexpres‐
sion of miR‐155 inhibits apoptosis, and promotes hepatocyte proliferation and tumorigenesis, 
which suggested miR‐155 could be a negative prognostic biomarker for HCC (reviewed 
by Kaluzna [30]). In addition, miR‐155 has been shown to be upregulated in HBV‐infected 
human hepatoma cells, where it inhibits HBV infection [103] (Figure 1).

Importance of MicroRNAs in Hepatitis B and C Diagnostics and Treatment
http://dx.doi.org/10.5772/66498
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Despite the fact that several studies examined the expression of miRNAs in HCC, discrep‐
ancies exist among published data. Diaz et al. [121] assumed that non‐concordance may be 
the result of differences in selection of noncancerous control samples or commonly included 
HCC samples without prior confirmation of possible HBV or HCV infection. In some previ‐
ous studies, Diaz et al. [121] investigated the expression of miRNAs in HCV‐induced HCC, in 
comparison to a wide range of liver samples and identified 18 miRNAs exclusively expressed 
in HCV‐induced HCC. Several other studies have as well examined subsets of miRNAs 
potentially involved in hepatocellular changes, advancing to HCC [80, 84, 122].

According to an increasing amount of miRNAs identified and examined throughout various 
stages Of HBV/HCV infection and HCC development (Tables 1 and 2), miRNAs not specifically 
presented in this review should be as well included as a subject of interest in future studies.

Figure 1. miRNAs deregulated in HBV‐ and HCV‐related HCC or HBV/HCV‐expression cell lines. miRNAs upregulated 
in HBV and HCV infections are presented in red color, miRNAs downregulated in HBV and HCV infections are 
presented in blue color, while miRNAs that were shown to be up‐ and downregulated in different studies are presented 
in violet color. MiRNAs reported to be up‐ or downregulated in HBV and HCV infections are presented in green color.
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7.4. MiRNA‐122 in HBV and HCV

The levels of liver‐specific miRNA‐122 (miR‐122) are down‐ and upregulated in HBV and 
HCV, respectively. The miR‐122 promotes the replication of HCV and blocks the replication 
of HBV. It has been shown recently that HBV inhibits the miR‐122 expression, suggesting a 
possibility of miR‐122 replacement therapy in HBV‐infected individuals [61, 64]. The study 
by Fan et al. [62] showed that miR‐122 inhibited the expression of the NDRG3 protein, which 
subsequently inhibited malignant cell transformation and presented the miR‐122 and its tar‐
get NDRG3 as key diagnostic markers and potential therapeutic targets in HBV‐related HCC. 
On the other hand, in HCV infections, it has been shown in vitro and in vivo that antagonistic 
utility of miR‐122 inhibits HCV replication cycle and reduces viral load, and thus represents 
an effective treatment of HCV infection. A model of Miravirsen interaction with miR‐122 is 
shown in Figure 2 [77, 123].

Recently, the safety and efficacy of the Miravirsen, a locked nucleic acid form of antisense‐
miR‐122 that sequesters miR‐122, has been evaluated in a phase 2a clinical study, which 
included 36 patients with chronic HCV genotype 1 infection from seven international sites 
[40]. The study observed that treatment with Miravirsen prolonged dose‐dependent reduc‐
tions in HCV RNA, without evidence of viral resistance [40]. Moreover, a recent study, con‐
ducted on 51 HCV‐infected Japanese patients, treated with interferon, presented miR‐122 
as an independent predictor of SVR [124]. Unfortunately, no single miRNA representing a 
promising treatment option in HBV infections has been pointed out as yet.

Nevertheless, therapies that silence HBV RNAs are emerging. Multiple cell‐line‐based stud‐
ies and in vivo studies on mouse models have evaluated synthetically engineered or chemi‐
cally modified small RNAs that complementarily target HBV transcripts and lead to RNA 
degradation and thus to the inhibition of HBV replication. However, due to short duration of 
their activity, the lack of applicable animal model for testing in clinical trials, and subsequent 

Figure 2. Miravirsen interaction with miR‐122 inhibits binding between miR‐122 and the 5′ UTR of the HCV RNA. 
The most abundant liver miRNA‐miRNA‐122 binds with two seed sites in the 5′ UTR of the HCV genome. Miravirsen 
sequesters mature miR‐122 and suppresses HCV.
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pharmacokinetic difficulties, further investigations are warranted to evaluate RNA‐interfer‐
ence‐based approaches to clinical practice (reviewed by Ivacik et al. [125]).

HBV/HCV dual infection is not an uncommon event, occurring in approximately 2–10% of 
chronically infected HCV patients and in 5–20% of chronically infected HBV patients [126]. 
Dual HBV/HCV infection has prognosis of a more aggressive clinical course of liver disease 
than either mono‐infection. Despite the fact that compiling evidence exists on reciprocal inhi‐
bition between HBV and HCV and that miR‐122 represents a crucial host gene involved in 
pathogenesis of both viruses, the role of miR‐122 in HBV/HCV dual infection has not been 
defined so far [127].

8. Conclusion

Cellular miRNAs contribute to HBV and HCV pathogenesis by direct or indirect interac‐
tions with viral genome or proteins and molecules critical for regulation of the cell cycle. 
Regulation of miRNAs expression upon HBV and HCV infection significantly differs between 
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of cellular miRNAs have been considered in diagnostic and treatment of HBV/HCV‐related 
liver disease, with miR‐122 representing a promising treatment option for chronic infection 
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Abstract

Liver fibrosis is a serious disease that affects around 350–400 million people worldwide.
The main approach for fibrosis staging is liver biopsy, which is an invasive procedure
that is not endured pretty well by patients. Currently, some serum-based biomarker
panels are available for diagnosis and staging of liver fibrosis. Recent high-throughput
proteomic studies are also very promising for identification of novel biomarkers for
diagnosis  and/or  treatment  of  liver  fibrosis.  We  hereby  review  the  application  of
proteomic profiling studies for identification of fibrosis biomarkers with their advan-
tages and drawbacks.

Keywords: proteome profiling, liver fibrosis, biomarkers, therapeutic markers

1. Liver fibrosis

Liver fibrosis results from chronic damage to the liver and causes accumulation of excessive
matrix or scar. This scar tissue may inhibit blood flow due to the contraction of liver that results
progressive liver damage and cirrhosis (the most advanced stage of liver fibrosis) or even
hepatocellular carcinoma (HCC) [1]. Liver fibrosis is prominently observed in chronic liver
diseases  such as  viral  hepatitis,  alcoholic  steatohepatitis,  nonalcoholic  fatty liver  disease
(NAFLD), toxic liver injury, auto-immune diseases, and some genetic diseases [2]. From these
chronic liver diseases, chronic hepatitis B (CHB) and chronic hepatitis C are major global health
problems, and despite national vaccination programs, around 350–400 million people are
infected with hepatitis B virus (HBV) and 130–150 million people are infected with hepatitis C
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virus (HCV) worldwide [3, 4]. Chronic HBV (CHB) infection results in liver fibrosis that can
further develop into cirrhosis or HCC, both being the major causes of liver-related death [5].
The annual incidence of cirrhosis in patients infected with HBV has been evaluated at 1.3–2.4%
[6], and although the cumulative 5-year-old survival rate for patients with compensated cirrhosis
is 84% [7], in patients with decompensated cirrhosis, this survival rate decreases to 14–35% [7, 8].

Regeneration of liver is an extremely complex process, but recent studies in human and animal
models have indicated that liver fibrosis could be reversible in specific cases [9, 10]. It is hoped
that deeper understanding of the etiology of liver fibrosis will contribute to improved diag-
nostic tools and potential therapeutic approaches for liver fibrosis and cirrhosis. Even though
curing the underlying disease may reverse fibrosis progression, currently, the most effective
treatment that prolongs survival in advanced cirrhotic patients is liver transplantation [11].
However, this approach is limited because of the shortages of organs, the presence of concur-
rent disease affecting other tissues, and recurrence of the original disease in transplant
patients [12]. Despite the advancement in noninvasive tests, liver biopsy still remains as the
gold standard test for evaluation of liver disease severity [13–16]. However, it has several
disadvantages such as invasive character, sampling errors and limitations for effective
surveillance, and follow-up [17–19]. Upon antiviral treatment, HCV-infected patients may
clear HCV RNA from their bloodstream [5]. For the treatment of CHB, current therapies do
not accomplish complete eradication of HBV infection. HBV remains in infected hepatocytes
in the form of covalently closed circular DNA (cccDNA) even if the patient clears HBsAg, and
this cccDNA can possibly be reactivated with the right stimulus [20]. Hence, the therapeutic
strategy for CHB is to prevent liver fibrosis and the other complications of advanced liver
disease that can further develop cirrhosis and HCC. Therefore, recent studies focus on the
search of biomarkers for noninvasive diagnosis and staging of liver fibrosis and for discovery
of new therapeutic targets to prevent HBV-related liver fibrosis.

Proteomics, which studies the complex protein mixtures in a biological system, is a valuable
tool to investigate cellular pathways, protein–protein interactions, and identify target pro-
teins [21]. No requirement of a priori knowledge of protein identities present in a biological
system makes proteomic profiling an ideal tool for screening the most discerning set of
biomarkers [22].

In this review, we will focus on the advances in the proteomic research concerning liver fibrosis
and evaluate whether proteomic profiling studies are applicable in the search of protein
biomarkers and/or therapeutic targets for this condition with a focus on HBV and HCV
infection.

2. Pathogenesis and staging of liver fibrosis

Hepatic fibrosis develops as a result of wound healing response of the liver to chronic injury
in conjunction with the deposition of extracellular matrix (ECM) proteins [23]. Deposition of
ECM proteins forms a fibrous scar that alters hepatic architecture, and subsequent formation
of nodules of regenerating hepatocytes results in cirrhosis [24]. After an acute liver damage
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tool to investigate cellular pathways, protein–protein interactions, and identify target pro-
teins [21]. No requirement of a priori knowledge of protein identities present in a biological
system makes proteomic profiling an ideal tool for screening the most discerning set of
biomarkers [22].

In this review, we will focus on the advances in the proteomic research concerning liver fibrosis
and evaluate whether proteomic profiling studies are applicable in the search of protein
biomarkers and/or therapeutic targets for this condition with a focus on HBV and HCV
infection.

2. Pathogenesis and staging of liver fibrosis

Hepatic fibrosis develops as a result of wound healing response of the liver to chronic injury
in conjunction with the deposition of extracellular matrix (ECM) proteins [23]. Deposition of
ECM proteins forms a fibrous scar that alters hepatic architecture, and subsequent formation
of nodules of regenerating hepatocytes results in cirrhosis [24]. After an acute liver damage

Advances in Treatment of Hepatitis C and B356

(e.g., HBV and HCV infection), parenchymal cells regenerate and substitute the necrotic and
apoptotic cells. This process is accompanied with an inflammatory response and minor
accumulation of ECM. Following persistent damage, eventually liver regeneration declines,
and hepatocytes are replaced with abundant ECM, including fibrillar collagen. Origin of liver
injury determines the distribution of this fibrous material. While in chronic hepatitis and
chronic cholestatic disorders, the localization of fibrotic tissue is around portal tracts, in
alcohol-induced liver diseases, its localization is in pericentral and perisinusoidal areas [25].

In the fibrotic liver, the main ECM-producing cells are hepatic stellate cells (HSCs) [26]. In the
healthy liver, HSCs are found in the space of Disse and act as the major repository sites of
vitamin A. Following sustained injury, HSCs activate or transdifferentiate into myofibroblast-
like cells that have contractile, proinflammatory, and fibrogenic characteristics [27, 28].
Activated HSCs, which migrate and accumulate at the wound repair locations, secrete bulk
amounts of ECM and mediate ECM degradation [29].

Some other hepatic cells, besides HSCs, may show fibrogenic properties. One of them is
myofibroblasts derived from small portal vessels which reproduce around biliary tracts in
cholestatis-induced liver fibrosis to induce collagen accumulation [30, 31]. The origin of the
liver injury may determine the relative significance of each cell type in liver fibrogenesis. For
instance, while HSCs exert the main fibrogenic activity in alcohol-induced liver fibrosis, portal
myofibroblasts may be the most crucial fibrogenic cell types in viral hepatitis or chronic
cholestatic disorders [1]. Thus, origin of liver injury may determine the molecular pathway
differentiation in the formation of each liver disease, affecting the final proteomic outcome.

During fibrosis development, a complex interaction occurs between different hepatic cell
types [32]. Most of the hepatoxic agents such as hepatitis viruses, alcohol metabolites, and bile
acids target hepatocytes [33]. Injured hepatocytes secrete reactive oxygen species (ROS) and
fibrogenic mediators, which triggers the activation of lymphocytes by inflammatory cells.
Apoptosis of these injured hepatocytes further induces the fibrogenic actions of liver myofi-
broblasts [34]. Inflammatory cells such as lymphocytes and polymorphonuclear cells stimulate
HSCs for collagen synthesis [35]. Activated HSCs also release inflammatory chemocines,
secrete cell adhesion molecules, and mediate activation of lymphocytes [36]. Thus, a fierce cycle
in which inflammatory and fibrogenic cells induce each other likely appears [37]. Kupffer cells,
which are the local macrophages of liver, also greatly participate in liver inflammation by
secreting ROS and cytokines [38, 39]. In conclusion, fibrogenesis is directly activated by
alterations in the ECM composition and this altered ECM can serve as a repository for MMPs,
growth factors, and inflammatory cytokines [1, 40].

Fibrosis progression is generally evaluated by two different accepted scoring systems: Ishak
(modified Knodell score) and METAVIR scores. While in METAVIR, only interface hepatitis
and lobular necrosis are used to determine the grade of activity, in Ishak, portal infiltrate and
confluent necrosis are included with the two previous parameters [41]. Generally, fibrosis
begins to develop as expansion of portal tracts occurring with interface hepatitis. As fibrosis
advances, portal-portal linkage develops in conjunction with septa formation. At the end,
fibrous tissue completely surrounds hepatocyte nodules. While complete cirrhosis develops
generally in several years in some circumstances such as in the case of viral hepatitis, following
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liver transplantation cirrhosis may develop much more rapidly. Parenchymal fibrosis can also
be observed in the presence of lobular inflammation, especially in areas of bridging necrosis
[42]. This may be the cause of portal-central septa formation, which has been considered as
more crucial process in the development of cirrhosis than portal-portal linkages [43]. In the
terminology of liver fibrosis, septa indicate expansion of portal tract edges without formation
of bridges or actual connection between portal areas or portal area and central vein. On the
other hand, the term bridge is used to assess actual fibrous connection between two portal
areas or portal area and central vein [44]. It is important to consider these mentioned staging
systems in a descriptive sense that a patient with stage 2 fibrosis cannot be assumed to have
sustained twice as much liver damage as one with stage 1 fibrosis, nor half as much as one
with stage 4 fibrosis because numerical stages are not evenly distributed along the progression
of fibrosis, and also transition from one stage to the next one is not linear. Nonetheless,
pathologists’ interobserver agreement in fibrosis staging among one stage is approximately
90% [45, 46].

3. Biomarkers of liver fibrosis

An optimal biomarker of liver fibrosis would not get affected by functional distress in liver or
kidneys and only be specific to liver, also be easily observed with simple, inexpensive, and
noninvasive assays [13]. Liver enzymes that are routinely measured in serum such as alanine
transaminase (ALT) and aspartate transaminase (AST) are not suitable biomarkers of liver
fibrosis as they have poor correlation with liver fibrosis. Studies demonstrated that 20% of the
biopsy-proven cirrhotic patients’ ALT levels are in normal range [47]. Unfortunately, canonical
markers of liver synthetic dysfunction [e.g., albumin, platelet count (PLT), prothrombin time
(PT)] are shown to be unsuccessful in the detection of early fibrotic stages [48]. Currently, novel
serum proteins have been observed with altered expression in progressing liver fibrosis such
as apolipoprotein A1 (ApoA1), serum transferrin, and alpha 2 macroglobulin [49–51]. Bio-
marker panels that incorporate combination of these individual markers are also applicable
for improved accuracy of fibrotic stage assessment [46]. The most currently used biomarker
panels are AST to platelet ratio index [52], FibroTest that includes apolipoprotein A1 (ApoA1),
haptoglobin (HPT), gamma-glutamyl transpeptidase (γGT), γ-globin, total bilirubin, and
alanine aminotransferase as biomarkers [53], and FibroIndex that combines PLT, AST, and
γGT [54]. These noninvasive biomarker panels have shown to achieve good negative predictive
scores in patients with low fibrosis stages and good positive predictive scores in those with
advanced stages. However, intermediate fibrotic stages are not successfully interpreted by
these combined biomarkers [53]. Unfortunately, this setback limits the use of current available
biomarker panels for routine clinical assessments of liver fibrosis [55].

4. Current proteomic profiling methodologies

Proteomics, which is a swiftly developing area, is currently preferred in discovery of novel
disease biomarkers due to its potential to surpass the drawbacks of traditional screening
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methods. The first step of the proteomic biomarker screening research is to separate and profile
whole proteome of the biological fluid (e.g., serum, whole blood, saliva) or tissue of interest.
Then, protein profile of the diseased sample is compared with a relevant control to identify
the differentially expressed proteins related to that disease. Several different techniques based
on in-gel separation and/or mass spectrometry are currently used for protein separation.

Mass spectrometry (MS) is the common technique in proteomic profiling methodologies. The
basic concept of mass spectrometry is to evaluate the mass-to-charge (m/z) ratio for determi-
nation of the exact mass of the protein. The components of a mass spectrometry are an ion
source, a mass analyzer, and a mass detector. Ionization of proteins is done either with matrix-
assisted laser desorption/ionization (MALDI) or electrospray ionization (ESI). Following
ionization, proteins pass through one or two mass analyzers that measure their m/z ratio (MS
or versus tandem MS/MS). Time-of-flight (TOF) that measures the time spent by the protein
through the vacuum tube in an electric field can be coupled with one or two quadrupoles (Q-
TOF or Q-Q-TOF) with oscillating electric field that enables molecules with specific m/z ratios
to travel without collision [56, 57].

4.1. Two-dimensional gel electrophoresis (2D-PAGE)

The 2D-PAGE technique separates protein according to two independent parameters, isoelec-
tric point and molecular weight, and therefore provides the best resolution possible in protein
separation currently [58, 59]. Following staining and digitalization with specific softwares,
protein quantitation is performed by evaluation of spot intensities. 2D-PAGE also enables
detection of posttranslational modifications, such as phosphorylation, or presence of different
protein isoforms due to the emerging shifts in protein mass or isoelectric point [46]. In addition,
two-dimensional difference gel electrophoresis (2D-DIGE) presents various advances includ-
ing reproducibility, detection sensitivity, and credibility of analysis [60–62]. In 2D-DIGE,
different samples are labeled with charge- and mass-matched fluorescent cyanine dyes, Cy3
and Cy5. The internal standard prepared by mixing equal amounts of all samples is labeled
by Cy2. The Cy3 and Cy5 labeled samples and Cy2 labeled internal standard are then mixed
and co-separated on the same 2-DE gel, providing accurate spot detection and intra-gel
matching with reduced experimental variations. Running internal standard within all gels also
improves gel-to-gel spot matching and enables for statistically strong comparisons between
protein samples [63]. At the end, protein spots cut from 2D gels were identified by mass
spectrometry [64].

4.2. Liquid chromatography coupled mass spectrometry (LC-MS)

Gel-based techniques such as 2D-PAGE are not very successful and reliable for profiling of
small (>10 kDa) or hydrophobic proteins; besides, the evaluation of large numbers of samples
is time-consuming and expensive. LC-MS, which couples a prefractionation stage with
different types of mass spectrometry, is a relatively new gel-free proteomic methodology for
proteomic profiling. One of the highly used MS methods is MALDI-TOF. In this technique,
first, protein mixtures are fractionated by their physicochemical characteristics such as
hydrophobicity or isoelectric point by liquid chromatography. Then, bound proteins are
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vaporized and ionized by a laser. Finally, peptide mass is computed from the time spend to
reach the detector (“time-of-flight”). Another frequently applied method is LC-MS/MS which
efficiently profiles large numbers of samples with the analysis of extremely small volume
samples (i.e., <75 µl) by evaluating proteins with masses ranging from 2 to 200 kDa with
tremendous efficiency and reasonable reproducibility [65]. In addition, SELDI-TOF MS, which
couples a prefractination stage with MALDI-TOF, is currently used for proteomic profiling
studies. In SELDI, protein mixtures that selectively bind to an array with a specified charac-
teristic are analyzed. This methodology requires very low amount of crude sample, such as
serum or needle biopsy samples, and it is very efficient in analysis of low molecular weight
proteins. Considering the minimal labor required for SELDI application, this technique is very
useful for high-throughput screening. However, higher cost of SELDI still limits its large
clinical scale usage [66–68].

5. Proteomic profiling studies in search of biomarkers for liver fibrosis

Proteomic studies on liver fibrosis mainly focus on cirrhosis and HCC, which are the very end
and morbid stage of liver fibrosis. One of the earlier studies has compared tumor tissue and
surrounding nontumor tissue from eight HCC patients and has showed overexpression of
14-3-3γ protein in HCC [69]. Another study has investigated the proteomic differences between
tumor and adjacent nontumor tissue samples of 12 HBV-associated HCC patients and has
found out upregulation of members of the heat shock protein 70 and 90 families and down-
regulation of metabolism-associated mitochondrial and peroxisomal proteins in HCC [70]. A
recent study has analyzed sera of 40 HCC patients and 47 healthy controls and has discovered
leucine-rich α2-glycoprotein (LRG) and haptoglobin (HPT) between HCV- and HBV-related
HCC [71]. Molleken and Sitek (72) also have analyzed cirrhotic septa and liver parenchyma of
seven cirrhotic patients and discovered an increase in cell structure-associated proteins, which
are actin, prolyl 4-hydroxylase, tropomyosin, calponin, transgelin, and human microfibril-
associated protein 4 (MFAP-4). However, all these studies investigate the alterations occurring
at the very end stage of fibrosis and did not give information about the proteomic changes
during fibrosis progression.

To identify therapeutic targets and their involved pathways in fibrosis, the proteomic
changes between different fibrotic stages should be investigated. There are several studies
that focus on proteomic changes between different fibrotic stages. One of these studies has
investigated serum protein profiles of HCV-infected patients and has showed that Mac-2-
binding protein, α-2-macroglobin, and hemopexin were increased in cirrhosis, and α-1-anti-
trypsin, LRG, and fetuin-A (also named as alpha-2-HS-glycoprotein) were decreased in
cirrhosis [73]. A recent research, which has enrolled sera of 16 healthy controls and 45 HCV
patients with different fibrotic stages graded due to METAVIR, has found out that α-2-mac-
roglobin (A2M) was increased, while vitamin D-binding protein (VDBP) and apolipoprotein
A1 (ApoA1) were decreased in late fibrosis [51]. One of the studies examining serum sam-
ples of seven healthy controls and 27 HBV-infected patients with different stages of fibrosis
has shown that fibrinogen, collagen, A2M, hemopexin, α-1-antitrypsin, transthyretin, and
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thiredoxin peroxidase were upregulated, while HPT, serotransferrin, CD5 antigen-like pro-
tein, clusterin, ApoA1, and LRG were downregulated along with fibrogenesis [74]. A recent
study has analyzed sera of 19 CHB, six HBV-related cirrhotic patients, and five healthy con-
trols and observed increased plasma myeloperoxidase levels in cirrhotic patients and de-
creased transthyretin, ceruloplasmin, and α-1-antitrypsin levels in both CHB- and HBV-
related cirrhosis patients and downregulation of ApoA1 in HBV-related cirrhosis [75]. These
studies about liver fibrosis have revealed the proteomic changes of serum samples through-
out fibrogenesis. There are few studies that investigated proteomic changes in HCV-associ-
ated fibrogenesis. Diamond et al. demonstrated the effect of oxidative stress proteins to
fibrosis progression in biopsy samples of HCV-infected patients [76]. The same group re-
cently analyzed proteomic mechanisms of HCV-mediated liver fibrosis in posttransplant re-
cipients by LC-MS (liquid chromatography coupled mass spectrometry) and demonstrated
once again the important role of enhanced oxidative stress in the rapid fibrosis progression
observed in HCV-infected liver transplant patients [77]. Ferrin et al. studied liver biopsies of
HCV-infected alcoholic patients with cirrhosis for altered proteins in the progression of
HCC and observed deregulation of ceruloplasmin (CP), paraoxanase (PON1), complement
component 4a (CD4a), and fibrinogen-α (FGA) expression [78]. Another study investigated
the differences in the protein profiles between liver samples from HBV-infected transgenic
mouse and nontransgenic mouse and demonstrated increased aldehyde dehydrogenase 2
(ALDH2), protein disulfide isomerase precursor (PRDX1), actin, 78 kDa glucose-regulated
protein (GRP78), tumor rejection antigen (GRP94), keratin 18 (KRT18), and decreased gluta-
mate dehydrogenease 1 (GLUD1) and high mobility group 1 (HMGB1) protein levels [79].
An extensive list of potential biomarkers emerging from these studies is listed in Table 1.

Currently, studies also focused on understanding whether proteomic alterations may predict
the treatment response in chronic hepatitis C. Hence, the effect of pegylated interferon
(PegIFN) plus ribavirin (RBV) therapy, which is the common HCV treatment, may be under-
stood better. When the serum samples from patients with chronic hepatitis C were subjected
to metabolomics analysis to investigate the pretreatment and posttreatment characteristics of
their metabolites by using capillary electrophoresis and liquid chromatography coupled mass
spectrometry, tryptophan has been found to be associated with response to PegIFN/RBV
therapy [82]. Moreover, identification of factors that predict virological response to antiviral
therapy may improve treatment response through patient-specific treatment strategy. Recent
studies revealed significant variances in proteome profiles throughout longitudinal serum
samples in virological responders, in patients with mild fibrosis, and in those with mild
necroinflammation [83]. In the current phase 2 studies (PROVE1, PROVE2, and PROVE3) of
the direct-acting antiviral drug telaprevir, serum samples from responders and nonresponders
to HCV treatment were analyzed by proteomic profiling and 15 differentially expressed
proteins, with seven of them belonging to focal adhesion proteins or other macromolecular
assemblies that constitute structural links between integrins and the actin cytoskeleton, were
observed [84]. The ultimate goal of performing pretreatment serum proteome profiling prior
to treatment is to predict sustained virological response (SVR) and nonresponse (NR) to
antiviral drugs in chronic HCV infection and design suitable treatments for each patient.
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Protein Proteomic Analysis Sample Disease Positive or
Nagative Markera

Reference

5’-3’ exoribonuclease 1 LC-MS Liver biopsy HCV + [77]

78 kDa glucose regulated protein,
GRP78

2D-DIGE Mouse liver tissue HBV + [79]

A-1-antitrypsin 2D-PAGE Serum HCV - [73]

2D-DIGE Serum HBV + [74]

Actin 2D-PAGE Liver tissue HCV + [72]

2D-DIGE Mouse liver tissue HBV + [79]

Aldehyde dehydrogenase 2 2D-DIGE Mouse liver tissue HBV + [79]

Apolipoprotein A1 2D-PAGE Serum CHB - [75]

2D-DIGE Serum HBV - [74]

2D-DIGE Serum HCV - [51]

Aryl sulfotransferase 1A3 LC-MS Liver biopsy HCV + [77]

Bone martr stromal cell antigen 2 LC-MS Liver biopsy HCV + [77]

Calponin LC-MS Liver biopsy HCV + [80]

2D-PAGE liver tissue HCV + [72]

Carboxymethylenebutenolisade
homologue

LC-MS Liver biopsy HCV - [77]

CD44 antigen LC-MS Liver biopsy HCV + [77]

CD5 antigen like protein 2D-DIGE Serum HBV - [74]

Ceruloplasmin 2D-DIGE Serum HCV + [78]

Clusterin 2D-DIGE Serum HBV - [74]

Collagen 2D-DIGE Serum HBV + [74]

LC-MS Liver biopsy HCV + [80]

Complement component 4a 2D-DIGE Serum HCV + [78]

Cystathione beta synthase LC-MS Liver biopsy HCV - [77]

Cysteine and glycine rich protein 2LC-MS Liver biopsy HCV + [80]

Cytochrome b-245 beta LC-MS Liver biopsy HCV + [77]

Cytochrome c LC-MS Liver biopsy HCV + [76]

Fetuin A 2D-PAGE Serum HCV - [73]

Fibrinogen 2D-DIGE Serum HCV + [78]

2D-DIGE Serum HBV + [74]

Fibulin-5 LC-MS Liver biopsy HCV + [80]

FK506 binding protein 14 LC-MS Liver biopsy HCV - [77]

Gelsolin 2D-PAGE Serum HBV - [81]

Glutamate dehydrogenase 1 2D-DIGE Mouse liver tissue HBV - [79]

Gluthatione-S-transferases LC-MS Liver biopsy HCV - [77]

Haptoglobin 2D-PAGE Serum HCV - [73]

2D-DIGE Serum HBV - [74]

Hemopexin 2D-PAGE Serum HCV + [73]

2D-DIGE Serum HBV + [74]

High mobility group 1 2D-DIGE Mouse liver tissue HBV - [79]
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Protein Proteomic Analysis Sample Disease Positive or
Nagative Markera

Reference

Human leukocyte antigen class 2
antigen DR beta 1

LC-MS Liver biopsy HCV + [77]

Human leukocyte antigen class I
antigen C

LC-MS Liver biopsy HCV + [77]

Keratin 18 2D-DIGE Mouse liver tissue HBV + [79]

Leucine-rich α-2-glycoprotein 2D-PAGE Serum HCV - [73]

2D-DIGE Serum HBV - [74]

Leukotriene LC-MS Liver biopsy HCV + [77]

Lumican LC-MS Liver biopsy HCV + [80]

Mac-2-binding protein 2D-PAGE Serum HCV + [73]

Macroglobin 2D-PAGE Serum HCV + [73]

2D-DIGE Serum HBV + [74]

2D-DIGE serum HCV + [51]

Microfibril-associated
glycoprotein 4

LC-MS Liver biopsy HCV + [80]

2D-PAGE liver tissue HCV + [72]

Paraoxanase 1 2D-DIGE Serum HCV + [78]

Peroxiredoxin 1 2D-DIGE Mouse liver tissue HBV + [79]

Peroxiredoxin 2 2D-DIGE Serum HBV - [74]

Peroxiredoxin 5 LC-MS Liver biopsy HCV +/- [76]

Plasma myeloperoxidase 2D-PAGE Serum CHB + [75]

Prealbumin 2D-DIGE Serum HBV + [74]

Pre-angiotensionogen LC-MS Liver biopsy HCV +/- [77]

Prolyl 4-hydroxylase 2D-PAGE liver tissue HCV + [72]

Protein disulfide isomerase
precursor

2D-DIGE Mouse liver tissue HBV + [79]

Proteosome beta subunit type 4 LC-MS Liver biopsy HCV + [77]

Retinal dehydrogenase LC-MS Liver biopsy HCV +/- [76]

Serotransferrin 2D-DIGE Serum HBV - [74]

Serum amyloid A1 LC-MS Liver biopsy HCV +/- [77]

Superoxide dismutase 1 LC-MS Liver biopsy HCV - [77]

Thioredoxin reductase 1 LC-MS Liver biopsy HCV + [77]

Transgelin LC-MS Liver biopsy HCV + [80]

2D-PAGE liver tissue HCV + [72]

Tropomyosin 2D-PAGE liver tissue HCV + [72]

Tumor rejection antigen, GRP94 2D-DIGE Mouse liver tissue HBV + [79]

Vitamin D binding protein 2D-DIGE serum HCV - [51]

a Proteins up- (+) or downregulated (S) in liver fibrosis, as detected in proteomic studies.
b When multiple comparisons have been performed between individual fibrosis stages certain proteins might have
been reported as positive and negative markers.

Table 1. Candidate biomarkers of liver fibrosis identified from proteomic studies.
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6. Limitations of proteomics

Proteomics have been shown as a promising tool in the evaluation of the molecular insights
of liver fibrosis and in complementing previously known fibrosis biomarkers. Proteomic
research is prone to unexpected and sometimes unpredictable biases [85]. Especially in analysis
with multiple testing, extensive care should be given to assure that alterations observed are
biologically significant and associated with the target disease [86]. Moreover, the unstable
nature of biological samples makes them prone to degradation and alteration during sample
processing [87]. Low-abundant proteins such as some stress expressed proteins and transcrip-
tion factors are quite hard to be detected by proteomic screening.

Over 90% of the total serum protein concentration is constituted by some abundant proteins
such as albumin and immunoglobins. Therefore, these abundant proteins may prevent
detection of low-abundant proteins [88]. Depletion of serum from high-abundant proteins may
increase the resolution and detection of low-abundance proteins [89]. However, while
depleting serum from albumin, some potentially important proteins may bind to albumin and
be lost for the upcoming analysis [90].

For the tissue samples, the diagnostic quality of biopsied tissue is limited for the evaluation of
liver fibrosis. Presentation of only a very small part of the liver (approximately 1/50,000) by
needle biopsy causes high sampling variability [91, 92]. Especially since fibrotic tissue is not
distributed homogeneously inside the liver, sampling errors form 10% of false-negative
diagnoses [91]. Moreover, interobserver agreement is not very high for particularly intermedi-
ate fibrosis stages. By considering these facts altogether, proteomic studies of liver fibrosis carry
a robust characteristic.

7. Future directions and concluding remarks

Future studies in search of biomarkers for liver fibrosis should involve an adequate reference
standard. Moreover, it is fairly possible that each chronic liver disease (CLD) could have its
etiology-specific biomarkers, and further research should cover the identification of optimal
biomarker sets for each cause of CLD (such as HBV, HCV, NASH, alcohol abuse). Serum
proteomic studies might be combined with imaging techniques such as MALDI imaging to
improve the performance of noninvasive techniques [93].

In summary, proteomic studies offer a great insight into differentially expressed proteins in
plasma and hepatic tissue of patients with liver fibrosis. The results of this proteomic knowl-
edge present researchers a better understanding about the pathobiology of liver fibrosis and
lead to the discovery of the best set of biomarkers for the noninvasive assessment of the clinical
stage of patients.
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Abstract

Chronic hepatitis B virus (HBV) infection affects 240 million people worldwide and
represents a significant burden on public health. Current antiviral treatment of chronic
hepatitis B mainly focuses on inhibiting viral replication. A main deficiency of the
current treatment is unable to protect uninfected liver cells or hepatocytes that cleared
HBV from next rounds of infection. HBV infection biology shows that natural clearance
of HBV cccDNA from infected cells frequently occurs, HBV infection including chronic
HBV infection is established and maintained by multiround infection, and the course
of HBV infection is largely determined by the number of round of infection. Thus, an
effective treatment of HBV infection must block new rounds of infection. A proposed
new strategy for treating chronic HBV infection aims to immediately interrupt infection
course and to achieve HbsAg seroconversion as early as possible. Under this strategy,
a main target of antiviral treatment is extracellular viruses, and an effective therapeutics
is specific neutralizing (anti-HBs) antibodies. A difference in tempo and efficiency of
treating HBV infection between current antivirals and neutralizing antibody is that the
antivirals inhibit viral infection only after cells are virus infected while the neutralizing
antibody clears viruses before the infection of cells takes place.

Keywords: hepatitis B virus, acute hepatitis B, chronic HBV infection, HBV infection
biology, antivirals, neutralizing antibody, anti-HBs

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction: why we need a better understanding of HBV infection
biology?

Chronic hepatitis B virus (HBV) infection affects 240 million people worldwide [1]. Estimated
4.5 million of new HBV infection occurs each year [2]. A significant portion of new HBV infections
occurs in infants borne to HBV-positive mothers despite a fully scheduled HBV immunization.
More than 90% of HBV-infected infants will become chronic [3–5], resulting in constant expansion
of chronic HBV-infected population.

Chronic HBV infection can induce severe or repeated liver injury, which can lead to advanced
liver diseases including cirrhosis [6, 7] and hepatocellular carcinoma [8]. The disease burden
of HBV infection is enormous, and WHO reports that 780,000 people die of HBV-related liver
diseases or complications annually [9]. In addition, as many as 70% of chronic HBV-infected
patients who have persistently normal ALT already experienced significant alterations in liver
histology [10–13]. We need to provide more effective treatment to chronic HBV-infected
patients.

Current antiviral treatment is recommended for chronic HBV-infected patients who have
evidence of liver injury related to HBV infection [14, 15]. Antivirals that mainly consist of
nucleos/tide analogues can potently inhibit HBV replication, mitigate liver injury and slow-
down progression of necroinflammation in the liver [16, 17]. However, the current treatment
rarely clears chronic HBV infection. Majority of chronic HBV-infected patients are not suitable
for current antiviral treatment. Untreated patients, despite normal ALT history, can experience
unpredictable flare-ups of liver injury [18, 19]. Exacerbation insults, if occurred in patients with
chronic liver injury or significant alterations in liver histology despite normal ALT, can trigger
acute chronic liver failure with up to 70% mortality [20, 21].

Clearly, the current antiviral treatment strategy and available antivirals do not meet clinical
needs.

Here, we briefly discuss a number of limitations of current antiviral strategy and antivirals.

1.1. Current treatment strategy does not protect virus-cleared cells or uninfected cells from
new rounds of infection

Current antiviral therapy is guided by belief and strategy that a viral infection can be cleared
by directly inhibiting viral replication. This approach certainly mitigates viral diseases
associated with viral replication, even clears viral infection under certain circumstances, for
instance, a significant portion of chronic HCV infection can be cleared with a relatively short
course of direct-acting antiviral agents [22, 23]. However, it does not take consideration of viral
infection biology, which is featured with multiround infection (see below). This is why current
antiviral strategy cannot clear chronic HBV infection. The NA-based antiviral therapy for
chronic HBV infection, even with early generation of NAs like lamivudine, can clear HBV from
HBV-infected cells, evidence includes wild-type (WT) virus, or early viral population was
eliminated and replaced with drug-related mutant (MT) virus [24, 25]. Additional evidence
consists of 5–6 logs reduction of serum HBV DNA level [26, 27–29] and 100-fold reduction of
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intracellular total HBV DNA and cccDNA levels in treated animals and patients [30–32].
However, during the same period, serum HBsAg level is only reduced by two- to three fold
[33], suggesting HBsAg level remains constantly high. The enduring high level of HBsAg keeps
depleting the limited amount of endogenous neutralizing antibodies and leaves HBV virions
that are produced by infected cells in the same livers, unneutralized and infectious, which
continue to cause new rounds of infection. Under the current antiviral strategy, virus-cleared
cells can immediately become infected again, gains in clearing viral infection are continuously
reversed, and it is extremely difficult to establish permanent and complete viral clearance
under current antiviral strategy because virus-cleared cells and uninfected cells are not
protected.

1.2. Antivirals target viral replication in infected cells and do not directly act against
extracellular viruses

Two events occur simultaneously during antiviral therapy. One is viral replication is inhibited
intracellularly, and the other is new rounds of infection continue as long as there are unneu-
tralized extracellular viruses and susceptible cells that are not protected. Antivirals only
suppress viral replication in infected cells, reducing production of new viruses that will lower
level of extracellular viruses, which eventually lead to reducing new rounds of infection. Once
no more viruses available for new rounds of infection, the infection course is actually inter-
rupted, which brings the infection course to the end. Thus, the direct impact of treatment with
antivirals is to reduce viral replication while an indirect impact is leading to limiting spread
of infection, which really matters in containing and clearing viral infection. However, the
antivirals do not directly act against extracellular viruses that may continuously cause new
rounds of infection and compromise antiviral efficacy. This feature determines relatively
ineffectiveness of direct antivirals in treating chronic HBV infection.

1.3. Effectiveness of antivirals depends on HBV replication efficiency

The third issue is that antivirals do not inhibit or kill viruses that were already produced. They
only inhibit producing new viruses upon replication. Antivirals will not function if there was
no active viral replication. Actual effectiveness of an antiviral in treating hepatitis B is largely
determined by HBV replication efficiency. In clinic, a link between HBV replication level and
antiviral response has been indicated. For instance, in patients with long-term entecavir
therapy, a full virological response rate was 59, 84, 90, 93, and 95% after 48, 96, 144, 192, and
240 weeks of therapy, respectively [27]. Clearly, 59% of treated patients achieved the full
virological response to entecavir in the first 48 weeks, but only 16, 6, 3 and 2% of net increased
response were, respectively, achieved when the therapy was extended from 48 to 96, 144, 192
and 240 weeks. The net increased response rate was progressively declined along with
extending therapy period since the viral replication was increasingly depressed to very low
level. The replication-dependent effectiveness determines the direct antivirals are not effective
against HBV infection with inactive replication, for instance in anti-HBe–positive patients with
low HBV DNA level or only HBsAg positive patients.
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1.4. Ineffective against severe acute HBV diseases

Direct antivirals would not be effective in treating severe acute hepatitis B since they take a
few days or longer to significantly reduce viral replication or serum viral load (a log or greater)
[34–37]. They would take much longer time to mitigate pathologic injury and to improve
clinical manifestations [38]. Relatively slow action and no direct inhibition of extracellular
viruses highlight potential ineffectiveness of antivirals in treating fulminant hepatitis B and
acute severe exacerbation of chronic HBV infection-induced liver injury, both of which induce
rapidly deteriorated clinic course and high mortality [39–41].

1.5. Antivirals alone cannot completely clear viral infection

Antivirals may be no longer effective once the viral replication was inhibited to low level.
Residual viruses can be secreted out, or released by turnovers of infected cells, leading to
clearing infection or infected cells. The released residual viruses are small in quantity and can
be completely neutralized if there is relatively sufficient amount of endogenous neutralizing
antibodies, which lead to stopping the course of viral infection by blocking new rounds of
infection. This scenario likely happens to clearing chronic hepatitis C virus infection with direct
antivirals.

The released residual viruses following potent inhibition of virus production will still be
capable of causing new rounds of infection if there were no sufficient neutralizing antibodies,
prolonging the course of chronic infection. This scenario likely happens to antivirals-treated
HBV-infected patients.

Clearly, antivirals alone cannot complete clearing viral infection,which requires the presence
of sufficient neutralizing antibodies.

What we need is new treatment strategies and new therapeutics that can improve current
treatment approach and antivirals in treating chronic HBV infection.

We believe we can find effective solutions to current problems in treating chronic HBV infection
through a better understanding of HBV infection biology, which will also accelerate developing
new prophylactics and therapeutics.

2. Understanding HBV infection biology

2.1. Natural course of HBV infection

Infection biology is science illustrating fundamentals of infection, which is centered on
understanding how a productive infection is established and maintained. Understanding of
infection biology starts with understanding natural course of infection. In this review, we only
focus on the natural course of HBV infection that causes hepatitis. The natural course of
hepatitis B consists of initial infection, incubation period and clinical phase (Figure 1).
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Figure 1. Schematic illustration of a typical course of infection that consists of initial infection, incubation and clinical
phases. Progression of infection course is directly driven by new rounds of infections. It also suggests the infection
course can be ended at any stage as long as extracellular pathogens are completely neutralized.

2.1.1. Initial HBV infection

Initial infection represents beginning of an infection and it provides seed of infection and
usually consists of a few or small clusters of infected cells in the liver. The initial infection is
important, but it cannot become a full-blown infection without incubation period.

2.1.2. Incubation period

The incubation refers to a period between initial infection and appearance of clinical symp-
toms. Length of the incubation varies considerably from individual to individual, but it is
required for every HBV infection that causes hepatitis, which suggests the number of virus
involved in the initial infection is so small that cannot immediately cause significant injury or
clinical manifestations. Likely sequential events during the incubation include that infected
HBV replicates in initial infected cells, progeny viruses are released through secretion or/and
cytopathic destruction of infected cells, resulting in new rounds of infection of more cells, most
likely in neighboring areas because short distances between viruses and susceptible cells favor
higher efficiency of infection. Continuously released viruses keep initiating new rounds of
infections, infecting more cells and extending the scope of infection. When the number of
destructed cells reached an extent that causes clinical symptoms, the incubation is progressing
to clinical phase.

Requirement of incubation period in full-blown HBV infection provides evidence that more
than one round infection is required to establish and maintain a full-blown infection or
hepatitis B (Figure 1). Thus, acute hepatitis B is caused by multiround of infection.

A main factor that allows multiround of infection is that there is no sufficient amount of
endogenous neutralizing antibodies to neutralize the released viruses.
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New rounds of infections inevitably occur during the infection course as long as there are
unneutralized extracellular viruses and susceptible cells.

2.1.3. Clinical phase of acute HBV infection

Acute HBV infection in adults is a self-limiting disease, and 95% of them will be recovered
without treatment [42]. A unique kinetics of serum HBV DNA level during acute HBV infection
includes a rapid fall of HBV DNA level after the peak (Figure 2), suggesting HBV infection is
being progressively cleared from the liver, as evidenced by rising ALT level (a result of
destructing the infected cells) at the same time frame. Critically, it also suggests no new rounds
of HBV infection, implying a block of new rounds of infection is required for clearing HBV
infection. A mechanism behind these changes is called “HBsAg seroconversion,” a hallmark
for resolving HBV infection.

Figure 2. Kinetics of serum HBV DNA and ALT levels during acute hepatitis B. HBV DNA quickly falls after the peak,
which coincides with rising ALT level. The rapid fall of HBV DNA suggests no new round infection.

When destruction of the infected cells is started during acute HBV infection, it will initially
cause transit elevation of serum HBsAg and HBV DNA levels by releasing viral particles.
However, the serum HBsAg and HBV DNA levels will then keep falling because the number
of infected cells that supply and replenish serum HBsAg and HBV virion is progressively
reduced by the liver injury (the supply reduced) while the removal or the half-life of viral
particles from/in circulation should be at a constant rate, contributing to rapidly significant
reduction of serum HBsAg and HBV levels. At certain point, the relative ratio between amounts
of HBV particles (both viral and subviral particles) and anti-HBs antibodies will be reversed
from the former greatly exceeding the latter, to the latter exceeding the former (HBsAg
seroconversion). This conversion creates a sufficient anti-HBs capacity to clear serum HBsAg
and to block new round infection, which allows uninfected cells and cells that cleared HBV
infection permanently stay infection free. This process highlights an indispensable require-
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ment of anti-HBs antibodies in blocking new rounds of HBV infection and resolving HBV
infection.

Different impacts of liver injury on outcomes of infection are expected if occurred at different
frequencies. For instance, continuous or progressive liver injury at moderate or medium scale,
as is in acute hepatitis B, or at massive scale as is in fulminant hepatitis can lead to complete
clearance of HBV infection because of successful reversal of the ratio of serum HBsAg and anti-
HBs. On the other hand, if occurred intermittently, it unlikely leads to a complete viral clearance
as is in chronic hepatitis B because of no reversal of the ratio of HBsAg and anti-HBs. The
different outcomes once again emphasize that HBsAg seroconversion is critically required for
completely clearing HBV infection.

A HBV infection can be ended at any stage if subsequently released viruses were completely
neutralized by endogenous neutralizing antibodies. Most of HBV infections are aborted during
the incubation period without developing into a full-blown infection because relative amount
of infected viruses is still low. Those individuals who ended the HBV infection before clinical
stage only show detectable anti-HBs and anti-HBc antibodies without clinical manifestations
and noticeable HBV infection history [43, 44].

Thus, a natural strategy to clear viral infection or end infection course utilized by the host is
to include producing neutralizing antibodies to block new rounds of infection with newly
released viruses [45]. However, in minority cases, the infection will advance to clinical stage
or viral disease will be aggravated or clinical stage will be prolonged if the amount of endog-
enous neutralizing antibodies produced in the host is not high enough to neutralize all specific
viruses during the incubation or clinical stage of infection. This is how acute and chronic
infections are established.

Cellular immunity consists of two major functional mechanisms in controlling viral infec-
tion [46–48], one is to kill infected cells by cytotoxic T cells that not only contribute to patho-
logical changes of viral disease, but also release viruses for new rounds of infection if not
neutralized. The impacts of killing infected cells by the specific immunity are similar to cy-
topathic effects of viruses. The other is to inhibit replication of viruses in the infected cells
by cytokines, which will reduce the number of released viruses. From controlling infection
point of view, the cellular immunity can be counterproductive or helpful dependent on net
effect of two actions (the amount of virions released) as well as the level of specific neutral-
izing antibodies. A difference in tempo of clearing viral infection between cellular and hu-
moral immunity is that the cellular immunity clears viral infection only after cells are virus
infected while the neutralizing antibody clears viruses before the infection takes place, one
step ahead of the cellular immunity (Figure 3). Humoral immunity of neutralizing antibody
is direct, decisively effective and required for controlling viral infection. Once new rounds
of infection were completely blocked by sufficient amount of neutralizing antibodies, the
viral infection in the already infected cells will be cleared by virus secretion, cytopathic ef-
fects of viral replication, cell turnover or the cellular immunity. Alternatively, the viral infec-
tion will be restricted to those already infected cells if the infected cells were long-lived,
implying that viral infection has been brought under control with the neutralizing antibody.

New Strategy Treating Hepatitis B Virus (HBV) Infection: A Review of HBV Infection Biology
http://dx.doi.org/10.5772/66083

379



Figure 3. Differences in tempo and efficiency of clearing viral infection between neutralizing antibody and antivirals.
(A) Administrated neutralizing antibody immediately neutralizes extracellular viruses and protect uninfected cells; (B)
administrated small molecule inhibitor first allows virus to infect cells then starts inhibiting viral replication in infected
cells. It cannot immediately and completely remove viremia.

A chronic HBV infection is usually maintained by new rounds of infection. The chronic
infection can be spontaneously cleared if the level of endogenous neutralizing antibodies is
high and can neutralize all released viruses to stop new rounds of infection. For instance,
spontaneous clearance of chronic HBV infection occurs at annual rates of 1–2% and is featured
with seroconversion of HBsAg to anti-HBs antibody [49, 50].

2.1.4. A main risk that will prolong HBV infection course is extracellular viruses, and a main target in
treating viral diseases is extracellular viruses

Clearly, to cure HBV infection, it is essential and also efficient to interrupt infection course that
consists of repeated rounds of infection.

There are three consequent scenarios during the course of hepatitis B: one is the infected cells
become lost, resulting in releasing more virions as a consequence of cytopathic effects of
infected HBV, cell turnover or destruction by cellular immunity; the second one is the infection
is spontaneously cleared from infected cells by virus secretion or/and cellular immunity that
reduces production and release of viruses, a same outcome as inhibiting viral replication by
antivirals, and the third one is the infected cells are relatively long-lived (non-cytopathic
infection) and producing and releasing low or high level of viruses. A shared main conse-
quence produced by each scenario is releasing viruses. Thus, a main target in treating HBV
infection should be the extracellular viruses, which cause new rounds of infection. Direct
antivirals like NAs are not agents that can directly counter the extracellular viruses. Overall
effectiveness of treating chronic HBV infection will be significantly improved if neutralizing
antibodies are employed.
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2.2. HBV infection course and persistence

HBV infection is known for long incubation period that may last up to 6 months (average
2–3 months) [51, 52] before occurrence of clinical symptoms of acute HBV infection. We
believed that multiround infection occurs during the incubation period. Duck hepatitis B
virus (DHBV) experimental infection was utilized to verify this understanding of HBV in-
fection dynamics during the incubation period. Ducklings were inoculated with high
DHBV inoculation dose, and three animals were daily sacrificed for 7 days after inocula-
tion. Viral core protein was stained on liver sections, and DHBV DNA was detected in liver
tissues [45]. As shown in Figure 4A and B, DHBV infection rapidly expanded from a few
clusters of initially infected cells in the infected livers and reached a full-blown infection in
7 days, showing there were repeatedly new rounds of infection that expanded the infection
scope in the livers, even under the circumstances of experimental infection that used a very
large inoculum.

Figure 4. Multiround infection during the incubation period of DHBV infection. Viral replicative intermediates (A) and
antigen-staining cells (B) were detected in livers of DHBV-infected ducks. Three ducks were sacrificed at the indicated
days postinfection, and replicative intermediates were extracted from the liver. The viral DNA was detected by hybrid-
ization. The percent antigen-staining hepatocytes in some of the samples is indicated at the top of the lanes.

Are there continuously new rounds of infections after the full-blown HBV infection was
established?

Current theory views that chronic HBV infection is a consequence of the host’s insufficient
T-cell immunity that cannot kill all HBV-infected cells or cannot clear HBV infection from
infected cells [53, 54], implying chronic HBV infection is a simple extension of the initial or
early HBV infection; the hepatocytes, once infected with HBV, are long-lived and constant-
ly infected with the same initial viruses during chronic course.

However, such view is not supported by experimental and clinical evidence.
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To investigate whether DHBV infection and DHBV-infected cell populations are stable after
liver was fully infected, 3-day-old ducklings were inoculated with a large inoculum containing
both DHBV 3 and 16 viruses at 1:1 ratio. The first biopsy was conducted at day 11 by which
the liver was fully infected, and then, series of liver biopsies were performed every 3 weeks.
Distinct genetic markers in two viral genomes allowed us to monitor kinetic changes in DHBV
3 and 16 singly and dually infected populations by determining cccDNA genotypes at single
nucleus level. It was found that majority of hepatocytes were singly infected and nearly 20%
of cells exhibited dual infection with both viruses at day 11 postinfection (p.i.) (Figure 5). We
detected new rounds of infections at each of 5 time points after day 11 because the fraction of
DHBV3-infected cells was expanding, but the expansion occurred in only singly infected
fashion, suggesting that already infected cells resisted superinfection while the new rounds of
infection were occurring. It also suggested occurrence of viral clearance in DHBV-infected liver,
which generated uninfected cells for new rounds of infection. This viral clearance conclusion
is consistent with data showing that the fraction of DHBV16-infected cells was decreased from
80% at day 32, to about 40% at day 131 p.i., and at least 40% of DHBV16-infected cells either
cleared the infection or were eliminated, which triggered regeneration of hepatocytes. Either
of two scenarios would produce uninfected cells targeted by new rounds of infection. The
results suggest DHBV infection even after the full infection was established in the liver remains
dynamic and is featured with new rounds of infections.

Figure 5. Repeated new rounds of infection after a liver was fully infected. Three-day-old ducklings (n = 20) were in-
fected with an inoculum containing both DHBV3 and 16. Six biopsies were performed on one animal at day 11, 32, 66,
88, 109 and 131 days postinfection (shown in this figure). cccDNA genotypes were determined by sequencing PCR
products amplified from cccDNA released from single individual nuclei. DHBV3-infected cells were expanding, while
DHBV16-infected cells were decreasing during the period of six times of biopsies, suggesting ongoing viral clearance
and new rounds of infection. As a quality control for our procedure, the same number of nuclei isolated from DHBV3
and DHBV16 singly infected livers was mixed and single individual nucleus was sorted into individual well of 96-well
plates for PCR amplification and sequencing. No dual infections were detected in 128 mixed nuclei, suggesting that
our procedure for detection is valid.
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The results on clearing of DHBV16 cccDNA and new establishing of DHBV3 cccDNA pool
from new rounds of infection are consistent with the early reports, in which a replication
defective pre-core mutant or revertants successfully spread infection and became the predom-
inant viral population following elimination of wild type (WT) or the initially inoculated
viruses (Figure 6) [55, 56]. Taken together, all results suggest that a chronic DHBV infection is
not a simple extension of the initial infection because the initial infection was cleared and the
early cccDNA genotypes were replaced. Rather chronic DHBV infection course is dynamic and
consists of viral clearance and new rounds of infection. Thus, repeatedly new rounds of
infection maintain the persistence of viral cccDNA and prolong the course of chronic infection.

Figure 6. WT DHBV was being replaced over time. The fraction of WT DHBV DNA in serum of four DHBV-infected
ducks was determined by PCR sequencing assay and plotted against the time postinfection. The kinetics of replacing
WT DHBV infection suggests DHBV infection in fully infected livers remains dynamic and featured with clearing WT
and new rounds of infection with MT.

These conclusions are supported by clinical HBV infection data.

It is well known that WT HBV infection is frequently replaced with mutant (MT) infection [25,
57–82] in untreated chronic HBV-infected patients. For instance, naturally occurring pre-core,
core, pre-S and S mutants became only or dominant viral population following the WT was
being eliminated from infected livers during natural course of chronic HBV infection. The data
strongly imply that WT or early HBV infection is frequently cleared at cccDNA level during
chronic HBV infection. It is notable that such cccDNA clearance naturally occurs without
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intervention. This understanding is consistent with cccDNA clearance in adult patients with
acute HBV infection in which HBV infection is naturally resolved, and no antiviral treatment
is needed.

Available data also suggest that HBV WT is replaced with HBV MT in NAs-treated chronic
HBV-infected patients as evidenced by emergence of drug resistant mutant infection [25, 82].
The drug mutant infection that may not bear drug resistant phenotypes was also frequently
detected in new generation of NAs-treated patients. A recent report shows that approximately
50% of patients treated with tenofovir (TDF) who remained viremic, developed pol/RT mutant
infection though none of patients showed the drug resistance phenotypes [83]. The frequency
of mutant infection in this report may be still underestimated because only the pol/RT sequence
was analyzed. The observation that drug-related mutants spread following elimination of WT
during NAs treatment suggests frequent viral clearance at cccDNA level and new rounds of
infection with mutants.

3. New strategy and therapeutics for treating HBV infection guided by the
viral infection biology

We propose a new strategy for treating HBV infection. This strategy directly aims to establish
HBsAg seroconversion as early as possible through administrating sufficient amount of
specific neutralizing antibodies, which will constantly and completely neutralize extracellular
viruses to block repeated rounds of infection. This new strategy represents a paradigm shift
in treating HBV infection, which has been treated primarily by inhibiting viral replication.

3.1. Directly dealing with the huge pool of HBsAg in chronic HBV infection

As the evidence points out, chronic HBV infection is not a simple extension of the initial
infection, but is established and maintained by new rounds of infection. A unique situation in
HBV infection is that it produces a huge pool of subviral particles (HBsAg) that are 1000–10,000
fold higher than virions [84]. The HBsAg primarily depletes the limited amount of endogenous
neutralizing antibodies and leaves virions unneutralized and infectious. Current treatment
strategy and approved antivirals are not designed to deal with new rounds of infection, almost
impossibly deliver HBsAg seroconversion, and this is why current treatment rarely cures
chronic HBV infection. The key to curing chronic HBV infection is to establish HBsAg
seroconversion and to interrupt the infection course as early as possible by providing and
maintaining high level of HBV neutralizing antibodies until the amount of endogenous HBV
neutralizing antibodies exceeds the amount of HBV particles or all infected cells cleared HBV.

Advantages of the new strategy:

1. It directly immediately targets extracellular viruses and blocks the spread of infection;

2. It facilitates permanent and complete viral clearance in the liver;

Advances in Treatment of Hepatitis C and B384



intervention. This understanding is consistent with cccDNA clearance in adult patients with
acute HBV infection in which HBV infection is naturally resolved, and no antiviral treatment
is needed.

Available data also suggest that HBV WT is replaced with HBV MT in NAs-treated chronic
HBV-infected patients as evidenced by emergence of drug resistant mutant infection [25, 82].
The drug mutant infection that may not bear drug resistant phenotypes was also frequently
detected in new generation of NAs-treated patients. A recent report shows that approximately
50% of patients treated with tenofovir (TDF) who remained viremic, developed pol/RT mutant
infection though none of patients showed the drug resistance phenotypes [83]. The frequency
of mutant infection in this report may be still underestimated because only the pol/RT sequence
was analyzed. The observation that drug-related mutants spread following elimination of WT
during NAs treatment suggests frequent viral clearance at cccDNA level and new rounds of
infection with mutants.

3. New strategy and therapeutics for treating HBV infection guided by the
viral infection biology

We propose a new strategy for treating HBV infection. This strategy directly aims to establish
HBsAg seroconversion as early as possible through administrating sufficient amount of
specific neutralizing antibodies, which will constantly and completely neutralize extracellular
viruses to block repeated rounds of infection. This new strategy represents a paradigm shift
in treating HBV infection, which has been treated primarily by inhibiting viral replication.

3.1. Directly dealing with the huge pool of HBsAg in chronic HBV infection

As the evidence points out, chronic HBV infection is not a simple extension of the initial
infection, but is established and maintained by new rounds of infection. A unique situation in
HBV infection is that it produces a huge pool of subviral particles (HBsAg) that are 1000–10,000
fold higher than virions [84]. The HBsAg primarily depletes the limited amount of endogenous
neutralizing antibodies and leaves virions unneutralized and infectious. Current treatment
strategy and approved antivirals are not designed to deal with new rounds of infection, almost
impossibly deliver HBsAg seroconversion, and this is why current treatment rarely cures
chronic HBV infection. The key to curing chronic HBV infection is to establish HBsAg
seroconversion and to interrupt the infection course as early as possible by providing and
maintaining high level of HBV neutralizing antibodies until the amount of endogenous HBV
neutralizing antibodies exceeds the amount of HBV particles or all infected cells cleared HBV.

Advantages of the new strategy:

1. It directly immediately targets extracellular viruses and blocks the spread of infection;

2. It facilitates permanent and complete viral clearance in the liver;

Advances in Treatment of Hepatitis C and B384

3. It significantly reduces side effects of treating HBV infection. Unlike NAs and interferon
that function intracellularly, the neutralizing antibody is to replenish a normal component
of the immunity, which is relatively deficient in face of a huge pool of HBsAg, and it mainly
functions extracellularly;

4. Neutralizing efficacy does not depend on efficiency of viral replication in infected cells.

4. Conclusions

In this paper, we analyze the deficiencies of current HBV treatment strategy and antivirals and
the reason why they cannot cure chronic HBV infection. We also review the viral infection
biology to fresh our understanding of general phases and natural course of HBV infection. We
conclude that a full-blown HBV infection is established and maintained through multiround
infection. We propose a new strategy for treating HBV infection. The core of this new strategy
is that we must achieve HBsAg seroconversion naturally or interventionally to effectively clear
HBV infection. Under the proposed strategy, a main target of the treatment is extracellular
viruses, and an effective therapeutics is specific neutralizing antibodies.
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