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Preface

Hepatitis C virus (HCV) infection and associated hepatic comorbidities are still challenging,
and disease burden remains significant around the world. Over the last decade, we have
seen little curtailment in hepatitis C-related sequelae where the advent of direct-acting anti-
virals (DAAs) has clearly brought good news, as it may be possible to achieve a sustained
virologic response— “a virologic cure” — in the majority of patients with chronic HCV infec-
tion. Clinicians are now seeing outcomes they never thought possible, and experts are opti-
mistic that more complex and challenging patients will respond to therapy. All this has
amalgamated efforts to purge the viral scourges, to cure the infection, and in parallel to ac-
complish the potential global goal of HCV eradication over the next few years.

Hepatitis C—From Infection to Cure is divided into four sections. The first section is the intro-
duction, while second section sheds light on the propagation of HCV infection, molecular
mechansims, and cell signaling cascades involved in the propagation of the disease. This
section also presents HCV lymphotropism and its pathogenic relevance. The third section
consists of chapters related to hepatitis C-associated clinical implications, especially perio-
dontal implications and metabolic factors influencing the clinical course of hepatitis C and
response to HCV treatment. The forth section overviews the current and emerging anti-hep-
atitis C regimens considering safety, tolerability, and associated side effects related to DAAs.

This informative book provides clinicians, physicians, healthcare providers, researchers,
medical residents, and students with up-to-date, credible, and unbiased information/guid-
ance for the treatment of hepatitis C, as well as knowledge of the latest developments and
emergence of new treatment strategies to help stem infection. I am extremely grateful to all
the contributors from different parts of the world who are excellent researchers, renowned
clinicians/physicians, and emerging scholars in the field of hepatitis C virology, pathology,
and therapeutics. I hope that their novel ideas and excellent scientific findings present a
broad spectrum of academic and community-based knowledge of hepatitis C disease pro-
gression, associated clinical implications, and therapeutics to healthcare providers, nonspe-
cialists, and general readers.

A journey is easier when you travel together and interdependence is certainly more valuable
than independence. During this work I have been accompanied and supported by my col-
leagues at the College of Pharmacy, Umm- Al-Qura University, Makkah, Saudi Arabia and I
am grateful for the opportunity to express my gratitude to all of them.

Finally, I dedicate this book to my father, Mr. Muhammad Hafeez , who is always with me
at every step of my life, and all that I am or hope to be I owe to him, and my mother Tasneem
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Sardar, as there is none in all this cold and hollow world, no fount of deep strong deathless
love, save that within my mother’s heart. I cannot finish without saying how grateful I am to
my beloved wife, Miss Sidrah Hafeez, who provided me with a loving environment to ac-
complish this task and encouraged me to do my best in all matters of my scientific life.

Imran Shahid, Ph.D
College of Pharmacy
Umm-Al-Qura University
Makkah, Saudi Arabia
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Chapter 1

Introductory Chapter: Current and Emerging Anti-
Hepatitis C Regimens: Hope or Hype

Imran Shahid

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81237

1. Introduction

1.1. Hepatitis C is curable now

Since its discovery in 1989, hepatitis C virus (HCV) infection always remained a big challenge
for the physicians, clinicians, and healthcare providers to treat as well as for the scientists
and researchers to design and develop novel compounds to inhibit viral replication and
polyprotein processing. The classical treatment by interferon therapy as once known as the
“gold standard of care” was not so much effective in different HCV genotype (GT)-treated
patients, and treatment-emergent adverse events were generally a potential reason of treat-
ment discontinuation [1]. The addition of ribavirin (RBV) to pegylated interferon (PEG-IFN)
raised the hopes to achieve high cure rates; however, dual therapy was successful 70-80% in
HCV GT 3 and only 50-60% in HCV GT 1- and GT 2-infected patients. In that era, the ample
understanding of HCV life cycle, better understanding of pathophysiology of the disease, and
the emergence of new technologies urged the researchers to develop novel compounds which
directly target to different parts of the HCV genome which are essential components of viral
replication and polyprotein processing [1].

1.2. Novel treatment options on the horizon

The landscape in hepatitis C medicine started to revolutionize from 2011, when the first
time direct-acting antivirals (DAAs) were administered to hepatitis C virus-infected
patients along with PEG-IFN and RBV [1]. After that, the advent and approval of different
DAA combination have shifted the treatment paradigms for all seven HCV GT-infected
patients and even difficult-to-treat-specific populations (HCV GT 1la- and GT 3-infected

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [(cc) ExgIEN



4 Hepatitis C - From Infection to Cure

individuals, cirrhotic patients, HCV/HIV coinfection, severe renal impairment and liver
transplant, and previous treatment failure with NS3/4A or NS5A inhibitors). By inhibiting
viral replication and blocking polyprotein processing, these novel and innovative DAAs
are categorized into four groups, namely, nucleoside RNA-dependent RNA polymerase
(RdRp; NS5B protein) inhibitors (NIs), non-nucleoside RdRp inhibitors (NNIs), viral rep-
lication complex inhibitors (i.e,, NS5A protein), and viral serine protease (i.e., NS3/4A
protein) inhibitors (PIs) [1]. Interestingly, the treatment regimens achieve higher sustained
virologic response rates (SVR; HCV viral RNA undetectable at the end of week 12) only
when used in combination as dual or triple therapeutic regimens, and single DAA therapy
is either not so much effective or recommended to use [2]. Some DA As have been developed
as a single pill of fixed dose combination (FDC) of two, three, or even more compounds, and
all DA As are given orally to infected patients. The use of RBV is still considered an integral
part of some DAAs while considering certain complicated hepatitis C patient populations
including HCV cirrhotic patients; treatment-experienced patients with PEG-IFN, PEG-IFN/
RBV, and first-generation PIs (telaprevir, boceprevir); and patients with decompensated
cirrhosis. In parallel to that, the treatment strategies, dosage frequencies, and treatment
duration vary for different HCV GTs and harder-to-treat-specific patient populations (e.g.,
HCV GT 3-infected patients; HCV patients with compensated/decompensated cirrhosis;
previous treatment failure with PEG-IFN/RBYV, first-generation PIs, and NS5A inhibitors;
HCV/HIV coinfection; and patient with liver transplant or severe renal impairment). Some
treatment options with pan-genotypic HCV coverage have been approved by the Food and
Drug Administration (FDA) of the United States of America (USA), and some are in the final
stage of development. Some different antivirals with an alternate mechanism of action such
as by inhibiting viral entry or cell-to-cell spread and some anti-mRNA-based strategies like
microRNAs are also in the pipeline [1, 2].

1.3. The treatment for hepatitis C is remarkably effective but with caveat

The clinicians, seeing outcomes they never thought possible, and experts are optimistic that
more complex and challenging patients will respond to therapy. It has amalgamated the
efforts to purge the viral scourges, to cure the infection, and to accomplish the potential global
goal of HCV eradication. However, treatment choices can be tricky, and caveats are emerging
including the recurrence of liver cancer and hepatitis B reactivation in chronically infected
HCV or difficult-to-treat individuals. Equivocally, several important issues prevail linking
to disease prevalence, viral screening, therapy adherence, reinfection, drug costs, expansion
of care domain, and emergence of resistance-associated substitutions (RASs) in hepatitis C
populations. Despite the incredible evolution in HCV therapeutics, much remains to be done
to the point where it is a minimal entity. Now is the provident time to carefully consider
population-level priorities and engineer HCV treatment strategies along with health policies
which are realistic vis-a-vis implementation at a national or even pan-national level.

This book intends to comprehensively discuss hepatitis C virus infection progression, associ-
ated HCV clinical implications, and revolutionary anti-hepatitis C regimens and lends crucial
insights on the opportunities that new therapies will bring to eliminate this silent but curable
disease. It is not possible to discuss here HCV pathophysiology and therapeutics in detail,
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but our intentions and aims in the introductory book chapter (Chapter 1) and the whole book
itself are very clear: to provide general but valuable information from a common reader to an
HCV specialist as well as to sketch a complete landscape of hepatitis C from infection to cure.

2. HCV disease progression

Afflicting around 170 million people worldwide [1], HCV infection is the foremost cause of
liver cirrhosis, liver fibrosis, and hepatocellular carcinoma (HCC) and the first reason for liver
transplantation [3]. The propagation of hepatitis C from acute to chronic infection and after-
ward to end-stage liver diseases involves a highly orchestrated series of molecular and cellular
events including a plethora of genes and cell signaling cascades. The acute phase of infection is
frequently asymptomatic or associated with mild and nonspecific symptoms. Persistent HCV
infection is one of the major causes of chronic liver disease in 80% of infected individuals [4].
Approximately 20% of chronic carriers may develop liver cirrhosis, and some of these cases will
progress to hepatocellular carcinoma (HCC). Consequently, HCV-induced chronic liver dis-
ease is recognized as the leading indication for orthotopic liver transplantation [5]. The studies
demonstrate that HCV-induced inflammatory responses use host responses to recruit inflam-
matory cells and further prime a coordinated event of several host protein-protein interactions
[4, 5]. Chapter 2 of this book highlights the recent advances in HCV-induced inflammatory
responses and the role of inflammation during HCV infection. In addition, HCV affects other
body cells including the immune system cells, and this ability of HCV to disrupt immune cells is
evident to cause occult infection (e.g., mixed cryoglobulinemia and B-cell non-Hodgkin’s Iym-
phoma) [6]. How HCV lymphotropism affects the function of immune cells, virus persistence,
and immune cell proliferation are discussed in Chapter 3. It is also believed that the progression
of HCV to hepatocellular carcinoma (HCC) involved DNA methylation of cancer-related genes
[7]. Chapter 4 illustrates how the detection of such genes may be helpful to know the different
stages of disease progression from hepatitis C to HCC. In the setting of HCV infection, the
role of various microRNAs (miRNAs) in modulating viral infection response has been deeply
studied that clarifies causes of chronic hepatitis C progression in most infected patients and
consequences of infection with manipulation in the risk of developing HCV-related comorbidi-
ties (i.e., cirrhosis and hepatocellular carcinoma) [8]. miRNAs are a class of small, endogenous,
conserved, noncoding RNAs with a length of 20-24 nucleotides which posttranscriptionally
regulate target genes. miRNA are also proved as key regulators of homeostasis for multiple
biological systems, besides modulation of the disease pathology of many cancers. Similarly,
miRNAs act as key modulators of HCV and hepatitis B virus (HBV) infection and liver disease
progression [8]. Chapter 5 elaborates the regulation of miRNAs in HCC-related HCV patients.

3. HCV-associated clinical implications

Metabolic syndrome, obesity, and insulin resistance are very common health problems around
the world with an increased morbidity rate. These comorbidities further contribute to hepatic
steatosis, which ultimately lead to fat deposition in the liver [9]. Some studies predict that
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these pathological states may limit response to IFN-based treatment regimens while treating
hepatitis C; however, interestingly therapeutic response is not impaired to DAAs [10]. Now
with curative treatment options available for patients with HCV, the sequelae of steatosis,
fibrosis, and its drivers will garner more attention. Several other metabolic factors (e.g., vita-
min D) could be related to more liver damage and high degree of fibrosis [9, 10]. In Chapter
6, Prof. Villar reviews the challenges and metabolic pathology associated with HCV infection
and highlights some metabolic factors with their significant impact on liver damage. Several
studies demonstrate that HCV infects other body organs and clinical implications may be
very serious in chronically infected HCV patients. Some clinical studies suggest the associa-
tion of HCV for the onset of periodontal disease in infected individuals [11]. The connection
such connections between periodontal disease and hepatitis C must be considered by rel-
evant healthcare practitioners due to their important implications on clinical manifestations
and treatment strategies. Prof. Surlin Petra describes an update on periodontal implication
of hepatitis C infection in Chapter 7. In addition to that, epigenetic modulation during HCV
infection progression may also contribute to the development of HCV-related liver diseases
(e.g., hepatic fibrosis and hepatocarcinogenesis) [12]. Chapter 8 describes the host and viral
factors associated with the progression of hepatic fibrosis in HCV-infected individuals.

4. Current treatment landscape

4.1. The new HCV drugs are considered revolutionary

Treatment of chronic hepatitis C has markedly been improved with the introduction of IFN-
free DAA therapies since 2011. New DAAs for chronic hepatitis C can cure infection in more
than 95% of patients. Greater provision of DAAs, as well as greater efficacy of these medica-
tions in recent years, has led to a steady increase in SVR rates in HCV patients. The big picture
is one of the clinical successes where we know that 95-100% of patients treated for hepatitis C
can be cured [13]. It is pretty amazing.

The currently available DAAs are based on their target site with a particular mechanism of
action [1, 2, 13]. NS3-4A serine protease inhibitors (NS3-4A PIs) block posttranslational pro-
cessing of viral polyproteins by binding to the catalytic site of the enzyme which prevent
the release of functional, nonstructural proteins. The first-generation PIs (i.e., telaprevir and
boceprevir) were recommended for HCV GT 1-infected patients in 2011 in combination with
PEG-IFN and RBV as a triple regimen with estimated SVR rates between 65 and 80%. However,
the treatment-emergent adverse events, potential drug-drug interactions, essential necessity
of PEG-IFN, and low genetic barrier to drug resistance were the major disadvantages associ-
ated with these drugs. Consequently these regimens are not recommended to treat hepatitis C
and were discontinued. The landmark era in HCV therapeutics was started in December 2013
when the first IFN-free all-oral regimen, an NI inhibitor (sofosbuvir) also known as “Magic
bullet,” was approved for hepatitis C treatment [13]. The SVR rates achieved were more than
90%, and the regimen was considered safe, with fewer drug-drug interactions, very low
adverse event profile, superior SVR rates, and an ability to use in combination with other regi-
mens to treat difficult HCV populations with satisfactory therapeutic outcomes. After that a
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series of innovative DAAs have been approved by the US FDA to treat hepatitis C with excel-
lent SVR rates. The second-generation DAAs in combination are highly effective to treat the
wide spectrum of HCV populations, and some have shown clinical promise as pan-genotypic
and panfibrotypic coverages [2, 13]. The first-generation PIs include telaprevir (TVR) and
boceprevir (BOC), while second-generation PIs include simeprevir (SMV), ritonavir-boosted
paritaprevir (PTV), asunaprevir (ASV), grazoprevir (GZR), voxilaprevir (VOX), and glecap-
revir (GLE). NS5A inhibitors block their regulation capability of viral replication within the
replication complex and also inhibit the viral assembly and release. First-generation NS5A
inhibitors include daclatasvir (DCV), ledipasvir (LDV), ombitasvir (OBV), and elbasvir (EBR),
while velpatasvir (VEL) and pibrentasvir (PIB) are categorized into second- or next-generation
NS5A inhibitors. NNIs bind to one of the four allosteric sites of RdRp and block the catalytic
function of RdRp which indirectly block RNA replication. Dasabuvir (DSV) is the only FDA-
approved NNI, which is used in combination with other DAAs to treat hepatitis C. NIs act as
a false substrate for HCV RNA polymerase enzyme during viral replication where its incor-
poration results in chain termination during viral RNA synthesis. Sofosbuvir (SOF) is the
sole example in this category of IFN-free DAA regimens. However, SOF sets a new standard
of care for HCV patients as it is used in combination with other DAAs for the treatment of
almost all HCV GT patients and even difficult-to-treat-specific populations [1, 2, 13].

4.2. Pan-genotypic regimens

Until now, the US FDA has approved three pan-genotypic DAA combination regimens to
treat HCV GT 1-6 and even difficult-to-treat-specific populations. The first pan-genotypic
combination regimen including SOF and VEL (Epclusa®) as a FDC of single pill for 12 weeks
is recommended for GT 1-6 patients without cirrhosis or with compensated cirrhosis. The
regimen is also administered to patients with decompensated cirrhosis; however, in this case
RBV is added to active regimens [2]. In July 2017, the US FDA approved Vosevi® (SOF/VEL/
VOX) to treat adults with chronic hepatitis C GT 1 to 6 without cirrhosis or with mild cirrhosis
[14]. Vosevi® is a once-daily single tablet that contains two previously approved drugs—the
NIs SOF (400 mg) and NS5A inhibitor VEL (100 mg)—and the newly approved pan-genotypic
PIs VOX (100 mg). Vosevi® is the first FDA-approved treatment for patients who have been
previously treated with the DAAs SOF or other drugs for HCV that inhibit NS5A. SVR12 was
achieved in more than 90% of patients after the end of treatment [14]. In August 2017, the
US FDA approved the combination of GLE and PIB (Maviret®) for the treatment of chronic
hepatitis C for adults with chronic HCV GT 1 to 6 without cirrhosis or with mild cirrhosis
including those with moderate to severe kidney disease and those on dialysis [15]. It is also
indicated for adults infected with HCV GT 1 who were previously treated with either an
NS5A inhibitor or an NS3/4A Pls, but not both. The drug reduces by 4 weeks the time needed
for a cure by administering once daily as three oral tablets. The treatment regimen for GLE/
PIB lasts 8 weeks, while the standard treatment length previously was at least 12 weeks for
other DAA combinations. The combination GLE/PIB is also effective for treating HCV infec-
tion in individuals coinfected with HIV-1, according to results from the non-randomized,
open-label phase III clinical trials [16]. Both Vosevi® and Maviret® are active against all HCV
GTs, and with little differences, the two medicines may be specifically useful in some harder-
to-treat-specific populations or those who failed or cannot use previously available therapies
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[14-16]. In Chapter 9, Prof. Sidra discusses the safety, tolerability, and associated side effects
of DAAs emphasizing their clinical pharmacology as well as the important safety issues of
drug-drug interactions (DDIs). Similarly, Prof. Tran in Chapter 10 overviews a mathematical
model while using sensitivity and identifiability techniques to determine model parameters
in hepatitis C viral dynamics using a combination therapy of IFN, RBV, and TVR for partial
viral response, sustained viral response, and breakthrough patients.

4.3. Emerging anti-HCV regimens

An 8-week regimen containing grazoprevir-ruzasvir-uprifosbuvir appears to be effective
for treating hepatitis C virus infection in patients with or without cirrhosis, according
to findings from a pair of randomized phase II open-label trials [17]. SVR12 rates with
8 weeks of therapy were 93% in individuals with GT 1a, 98% with GT 1b, 86% with GT 2
(without cirrhosis, patients with HCV GT 2 and cirrhosis received a longer course), 95%
with GT 3 (treatment naive, without cirrhosis), and 100% with GT 4 and 6. Interestingly,
the 8-week duration of therapy for HCV GT 2 patients achieved lower cure rates; however,
treatment extension to 12 weeks overcame this effect. The excellent treatment outcomes in
phase II clinical trials support further investigation of grazoprevir, ruzasvir, and uprifos-
buvir as a pan-genotypic regimen in phase III clinical trials, where this combination has
the potential to provide a safe, single-duration regimen for HCV patients with and with-
out cirrhosis including harder-to-treat GT 3 individuals who had previously treated with
PEG-IFN and RBV. The clinicians are also hopeful that excellent therapeutic outcomes of
such regimens in ongoing phase III clinical trials will provide safer options with regard
to pan-genotypic regimens for the treatment of hepatitis C and may impact the current
treatment landscape [17].

5. Challenges for new regimens

The advancement in HCV therapeutics is fabulous and trustworthy after the introduction
of well-tolerated and safe oral interferon-free DAAs in treatment strategies which provides
compassionate treatment for HCV-infected patients to get cured and back to normal life.
However, the next frontiers in front of researchers and clinicians are to coup certain chal-
lenges which may interrupt to achieve high cure rates in treated individuals and may be
a potential cause of suboptimal SVR rates in difficult-to-treat subpopulations in real-world
clinical practice. Until now, the real-world clinical data is not so much largely published/
produced to make a clear understanding and interpretation of these obstacles; however, the
treatment costs, risks of HBV reactivation and liver cancer recurrence, and the emergence of
resistance-associated substitutions (RAS) are potential barriers which may prevent to achieve
the global goal of HCV eradication [2]. Likewise, the dosage algorithms and safety profiles of
such regimens in patients under age 18, in pregnant females, and end-stage liver disease and
post-transplant patients are yet to be extensively elucidated [2]. The following section briefly
overviews these harboring issues with some supporting clinically published data and also
suggests some possible solutions in this prospect.
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5.1. Drug costs and treatment access

The high therapy cost in the developing world or even in resource-replete nations and lack of
treatment access in some areas where HCV is highly prevalent (e.g., in Egypt and some part
of South Asia, where HCV is endemic) are major limitations of current anti-hepatitis C regi-
mens [2]. An average treatment cost may be from 65,000 to 110,000 USD when brand-name
therapies are administered to HCV-infected patients for a 12-week duration. Is it splurging at
these prices to cure hepatitis C? The answer is certainly no. In the USA, most of the insurance
companies have adopted a policy of “prioritizing coverage to those who need it the most,”
and some states are authorizing the treatment while using the extent of a patient’s hepatic
fibrosis (stage 3 or 4) or cirrhosis to cover the cost of HCV drugs. In some states, the deci-
sion is usually left to third-party payers. In Europe, the healthcare policy frequently bases
the administration of hepatitis C therapy on fibrosis stage, so the patients with later-stage
disease are often given preference. Although the use of HCV generics cut the cost as first data
are encouraging in clinical studies, it is too early to comment on the clinical efficacy of these
regimens, and the emergence of adverse events in treated individuals is not fully elucidated,
and studies are going on. The brand-name drugs are comparatively cheaper in Europe than
in the USA but still much expensive in India. The generic drug costs should be even lower
to provide these regimens to individuals who need it the most. Such treatment with mini-
mal diagnostic support is urgently required in low- and middle-income countries (12 out of
20 countries with the highest ratio of HCV prevalence are classified as low or lower-middle
income) where treatment access is extremely limited due to high drug costs and complexity of
patient management. In such areas, “test-and-treat strategies” and “risk-stratified approach”
could be implicated to provide a targeted therapy for patients with high risks of HCV pro-
gression. In this context, risk prediction tools may help the physicians and patients to decide
whether to initiate the treatment with costly DAAs or to sustain affordable treatment even
with PEG-IFN and RBV to achieve high SVR rates [2].

5.2. HBV reactivation risk with DAAs

Patients with a past or current HBV infection can experience sometimes fatal HBV reactiva-
tion if they take any of 11 approved DAAs for hepatitis C virus (HCV) infection treatment
[18]. The US FDA recommends a box warning for the drugs advising clinicians to screen
patients for evidence of a past or current HBV infection before ordering antiviral treatment for
HCV. The FDA identified 24 cases of HBV reactivation in coinfected patients treated with these
antivirals from November 22, 2013, to July 18, 2016, in reports to the agency and published lit-
erature. Two patients died, and one needed a liver transplant. Interestingly, clinical trials for
the HCV drugs in question/approval did not report HBV reactivation because they excluded
patients infected with HBV and it was not reported as an adverse event in phase III clinical
trials for the DAAs" approval. Similarly, such exclusion characterizes higher DAA safety, in
terms of potential liver adverse reactions in the presence of one virus infection (i.e., HCV)
instead of conducting more complicated safety evaluation of DAAs in patients infected with
both HBV and HCV. The exact mechanism of HBV reactivation is still not known; however,
it is considered that it may result from a complex interplay of host immunologic responses
in the setting of infection with two hepatitis viruses. It is also assumed that HBV reactivation
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may result from HCV clearance rather than a drug-specific toxicity. The treatment-induced
reduction in HCV by DAAs also suppresses HBV, and the lack of activity against HBV of
DAAs plus immunologic responses may escape HBV to reactivate [18].

Flare-ups of inactive or once-resolved HBV with DAAs have rung alarm bells before. In
March 2016, the European Medicines Agency (EMA) announced that it had launched a review
of six DAAs for HCV on the basis of reports of HBV reactivation in individuals infected with
both viruses and who were treated with DAAs for HCV [19]. The Pharmacovigilance Risk
Assessment Committee (PRAC) review covered six DAAs marketed in Europe for treatment
of chronic HCV infection: daclatasvir (Daklinza®), dasabuvir (Exviera®), the combination of
SOF and LDV (Harvoni®), simeprevir (Olysio®), sofosbuvir (Sovaldi®), and the combination
OBV/PTV/r (Viekirax®). Since the start of this review, two other DA As, the combination SOF
and VEL (Epclusa®) and the combination EBR and GZR (Zepatier®), have been authorized in
the European Union. In December 2016, the PRAC has confirmed the risk for hepatitis B virus
(HBV) reactivation when DAAs are used for treatment of HCV infection. The PRAC recom-
mends that, before starting treatment, all patients should be screened for HBV; patients found
to be coinfected with HCV and HBV should be monitored and managed according to current
clinical guidelines. Although the frequency of HBV reactivation appears low, the PRAC rec-
ommends that a warning be included in the prescribing information for these medicines [19].

In September 2016, the American Association for the Study of Liver Diseases and the
Infectious Diseases Society of America (AASLD/IDSA) issued updated guidelines that advise
clinicians not to prescribe DA As to patients with HCV until the patients are screened for HBV,
all because the societies were hearing about HBV reactivation in coinfected patients treated
with the drugs. If patients who test positive for HBV warrant treatment, they should begin
that treatment before or at the same time they start to receive direct-acting antivirals for HCV,
according to the guidelines.

5.3. DAAs and cancer risk
5.3.1. Evidence pointing to a heightened cancer risk

DAAs do not appear to increase risk for liver cancer in patients with hepatitis C infection and
cirthosis, but the drugs could make existing but previously undetected cancers worse and
harder to treat, according to results from a large-scale prospective study [20]. An interesting but
unexpected finding of this study depicted that 50% of the individuals who developed a tumor
early in the course of treatment or just after stopping treatment developed a more aggressive
type of tumor than what was usually seen in the course of the disease. The researchers hypoth-
esized that HCV replication is halted by DAAs; there are dramatic changes in the immunologic
and molecular microenvironment in the liver and in tumor suppression mechanisms, which
could allow or even promote the growth of previously undiagnosed microscopic HCC foci.
Therefore, it is mandatory that patients treated with DAAs with advanced liver disease con-
tinue to be monitored for HCC. The findings also point to the need for careful pretreatment
screening and continued monitoring of patients treated with direct-acting antivirals for hepa-
titis C in particular who have advanced fibrosis and are therefore at risk for liver cancer [20].
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An Israeli study also points to an increased risk for malignancy in hepatitis C patients treated
with DAAs [20]. Findings from the retrospective assessment of 273 consecutive patients
infected with hepatitis C, some with a history of liver cancer and others without, were
also reported. A sustained viral response at 12 weeks was achieved by 95% of the patients.
However, over the next 15 months, 14 patients, or 5% of all participants, developed malig-
nancy. Specifically, there were six cases of de novo HCC, three cases of recurrent HCC, four
cases of extrahepatic cancer, and one case of intrahepatic cholangiocarcinoma. This study also
correlates an association between DAA efficacy and malignancies progression with higher
risk although the exact mechanism of this association is not known. However, the researchers
assumed that the sudden impairment of the immune system may allow the growth of existing
preclinical cancer clones [20].

5.3.2. Studies finding no elevated cancer risk

In contrast, investigators saw no increased risk for HCC in patients treated with DAAs in
a retrospective study of 178 patients with hepatitis C infection and HCC who were candi-
dates for liver transplantation [21]. The research showed that the cumulative incidence of
recurrence over 1 year was lower in patients treated with DAAs before a diagnosis of HCC
than in a control group of patients never treated with DAAs. However, when the antivirals
were administered after a diagnosis of liver cancer, the risk for recurrence was similar in the
antiviral and control groups, which suggests that prediagnosis antiviral therapy could be
protective. However, this study was conducted in a different population—liver transplant
patients on a wait list, where a statistically significant decrease in HCC recurrence (P = .04)
was noticed when patients were administered with DAAs before a HCC diagnosis. When
patients had a complete initial response to cancer therapy, DAA use did not significantly
increase the transplantation wait-list dropout rate. The study results support the use of DAAs
in patients on the transplant wait list with HCC who have achieved initial response to locore-
gional treatment [21].

A systemic review, meta-analyses, and meta-regression revealed no difference in the risk for
HCC in patients treated with DA As and those treated with IFN-based therapy [21]. This study
conducted in Australia, involving 13,875 people from 26 studies on HCC occurrence and 15
studies on disease recurrence, explicited other culprits involved in recurrence of HCC fol-
lowing DAAs treatment. In fact, the investigators note other factors could explain the higher
incidence of cancer. The study analysis showed that the shorter duration of follow-up and
older age of participants rather than the treatment regimen could be responsible for higher
incidence of HCC. On meta-regression, DAA therapy was not significantly associated with
HCC occurrence (relative risk [RR], 0.7; P = .6) or recurrence (RR, 1.4; P = .49) [21].

In a Scottish study, the risk for liver cancer after sustained virologic response was not signifi-
cantly different between patients treated with IFN-free therapy and those treated with IFN-
based therapy [21]. Of the 857 cirrhotic patients treated at one of 12 clinics in Scotland, 32%
were treated with DAA regimens. During a median follow-up of 1.8 years, fewer patients in
the interferon-free group than in the interferon group developed HCC (12 vs. 34). Even so, the
risk was significantly higher in the IFN-free group (incidence rate ratio [IRR], 2.18; P =.03) [21].
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5.3.3. DAASs cut risk of liver cancer

Eradicating hepatitis C with DAA therapy reduces the risk of HCC by 71%, according to results
of a large observational study [22]. The findings are based on 62,051 patients who underwent
83,695 antiviral treatment regimens in the VA Puget Sound Health Care System. The data
included 35,873 IFN-only regimens, 26,178 DAA regimens with or without IFN, and 21,644
DAA-only regimens. The researchers identified 3271 new cases of liver cancer diagnosed at
least 180 days after the start of antiviral treatment during an average follow-up of 6.1 years.
The incidence of liver cancer was highest in patients with cirrhosis who failed treatment (3.25
per 100 patient-years)—followed by patients with cirrhosis and sustained virologic response,
or SVR, (1.97), no cirrhosis and treatment failure (0.87), and no cirrhosis and SVR (0.24). In
multivariable models adjusted for potentially confounding factors, SVR was associated with
a significantly reduced risk of liver cancer, regardless of whether the antiviral treatment was
DAA-only (adjusted hazard ratio (aHR), 0.29), DAA with IFN (aHR, 0.48), or IFN-only (aHR,
0.32). In both cirrhotic and non-cirrhotic patients, the risk of liver cancer was reduced [22].

5.4. Viral resistance

The huge genetic diversity due to poor fidelity of its replication enzyme (i.e., RdRp) and rapid
replication rate configures HCV genome into 7 distinct GTs, more than 84 subtypes, and even
exists as a quasispecies in a single-infected patient [2]. The viral genome differs by >30% at GT
level, >15% at subtypes level, and <15% within a specific GT (i.e., quasispecies) in an infected
individual. This genome variation by nucleotide substitutions/mutations is considered a
major reason for the origination of pre-existing or treatment-emergent RASs in DAA-treated
patients [2, 23]. Baseline polymorphism and pre-existing or treatment-emergent RASs are the
most considerable points to the physicians while deciding to initiate oral IFN-free DAAs for
hepatitis C treatment in treatment-naive (TN) or treatment-experienced (TE) or treatment-
failure patients [23]. It is a well-established fact that viral mutations make the virus less sus-
ceptible to treatment; and in the case of HCV, it has been proven that monotherapy will result
in selection of mutations which enhance replication in the presence of a drug. HCV resistance
occurs when nucleotide substitutions randomly appear throughout the genome with every
replication cycle. Some nucleotide substitutions by chance intervene to bind specific DAAs to
their specific protein target [23].

Viral variants with RASs in the presence of DAAs possess a fitness advantage, but in the
absence of DAAs, most will be outcompeted by a wild-type virus [23, 24]. The viral fitness of
specific RASs potentially determines whether RASs persist after unsuccessful DAA therapy
and whether they exist at baseline in TN patients. Interestingly, RASs to different DAA classes
express markedly different viral fitness. The knowledge of RAS may influence clinical manage-
ment of HCV in terms of alter duration of therapy, to add RBV in specific difficult-to-treat sub-
patient populations and severity of disease (cirrhotic vs. non-cirrhotic) and to choose particular
DAA regimen for retreatment. Interestingly, some RASs affect the treatment response to all
members of a specific DAA class, whereas others have variable impact on different DAAs of the
same class. Meanwhile, the prevalence and effects of RASs vary in different populations (i.e.,
within different HCV GT/subtypes and quasispecies, individual RASs may differ in emergence
and differently impact SVR rates) and may be more relevant in TE patients and those with
cirrhosis [23, 24].
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Unfortunately, still there are no clear guidelines for resistance testing. Should it be a universal
testing of all patients’ pretreatment or selective? As we have seen that SVR rates approach almost
100% for most HCV-treated patients while administered to most DDA regimens [24], it is dif-
ficult to do for everyone. However, this approach is only applicable to test those patients where
knowledge of the findings may influence clinical management although which patients are
those is a big question [23]. AASLD in 2017 recommends NS5A RASs testing for LDV/SOF and
EBR/GZR combination prior to initiate therapy among GT 1 patients by virus subtype, prior TE,
and cirrhosis status [23]. For GT 3, RASs detection is recommended for SOF/DCV or SOF/VEL
combination and both for TE and cirrhotic patients, and if Y93H is present, weight-based RBV is
added to active regimens. In contrast, current EASL recommendations demonstrate that access
and affordability to reliable HCV resistance testing are limited, and there is limited consensus on
the techniques used, data interpretation, and reporting of these detections. Surprisingly, EASL
does not enforce HCV resistance testing prior to treatment and applies only to TE patients who
were previously treated with PEG-IFN/RBV, PEG-IFN/RBV/SOF, SOF/RBYV, etc. [24].

6. Conclusions

The present is pretty great, and the future is extremely positive after the advent and approval of
IFN-free DA As to cure hepatitis C. We will continue to push boundaries and now are at a point
that we should be able to eradicate hepatitis C with these drugs. The journey started from an
NS5B inhibitor (sofosbuvir) to develop pan-genotypic regimens that offer new perspectives in
HCV screening and medicine. One size does not fit all; however, in the case of HCV, we are at
the edge of brick where a single pill could be effective for all HCV genotype-infected popula-
tions in the near future. Thus new therapies afford public health policy makers great opportuni-
ties but, equally, pose dilemmas too where their cost has sparked much controversy and debate
over who should get them, and HCC recurrence and HBV reactivation are key obstacles pre-
venting to achieve global goal of HCV elimination. With curative treatment options available
for patients with HCC and HBV, linkage to care and adherence to screening/surveillance guide-
lines should be clearly warranted for early diagnosis of HCC and HBV. Now, our aim should be
to stimulate discussion as to how we can capitalize on the opportunities that new therapies will
bring in terms of their expected population-level impact and engineer our treatment strategies
accordingly. Overall, the future of HCV therapeutics seems bright and becomes brighter every
day as treatment combinations continue to be designed, developed, and approved.
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Abstract

Inflammation is often a rapid coordinated response generated in the host against evading
microbial infections or tissue injury. Microorganisms like bacteria and viruses instigate
inflammation mediated by pro-inflammatory cytokines and activate cascade of signaling
events leading to the recruitment of inflammatory cells (neutrophils and macrophages).
Although the main function of inflammation is the resolution of infection, several viruses,
including the hepatitis C viruses (HCV) have evolved to utilize this host response and
make the cellular environments conducive to infection. In majority of infected individu-
als, HCV causes persistent chronic liver inflammation leading to development of liver
cirrhosis and hepatocellular carcinoma. HCV induces reactive oxygen species (ROS) and
activates nuclear factor-kB (NF-«B) leading to the activation of cyclooxygenase-2 (Cox-2)
that ultimately produces prostaglandin-E2 (PGE2), thus enhancing inflammatory pro-
cess. Interestingly, HCV further activates NACHT, LRR, and PYD domains-containing
protein 3 (NLRP3) inflammasome (a multiprotein complex) by recruiting adaptor pro-
tein apoptosis-associated speck-like protein containing a carboxy-terminal CARD (ASC)
which are involved in activation of caspase-1 leading to production of interleukin-
1beta (IL-1pB) and interleukin-18 (IL-18). In this chapter we have highlighted the recent
advancements in HCV-induced inflammatory responses and discussed potential future
directions to understand the role of inflammation during HCV infection.

Keywords: PAMP, DAMP, TLR, NLRP3, AIM2, RIG-], IFI16, inflammation,
inflammasome, IL-I3, Caspase-1, HCV, HBV, herpesvirus

1. Introduction

Inflammation, often triggered by harmful stimuli such as tissue injury and pathogenic
infections, is an adaptive response that underlies a wide variety of both physiological and
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pathological processes [1]. Inflammation can be acute or chronic. Acute inflammation is gen-
erally induced by tissue injury, noxious compounds or invasion of pathogens with general
clinical signs like swelling, redness, pain and heat at the site of the insult. Acute inflamma-
tion is the initial response of body during which, the small immune-mediating molecules
called anaphylatoxins are recruited to site where it stimulates mast cells to release histamine,
serotonin and prostaglandins. This event is followed by vasodilation to allow immune cells
such as the neutrophils to rush to the site to respond to the causative agent. During the
acute stage, the inflammation remains a beneficial process to heal and provide relief within
few days. Chronic inflammation, however, lasts for weeks, months or even years and cause
tissue damage. At the chronic stage, the inflammation becomes a problem rather than solu-
tion to infection or disease. In contrast to acute inflammation, the chronic inflammation is
generally seen in viral infections and other hypersensitive disorders where the inflamma-
tion is persistent for a longer duration. During chronic inflammation, the primary immune
cells are macrophages and T lymphocytes which play crucial roles by producing cytokines
and other enzymes that are detrimental to cells. Several studies have focused on the chronic
inflammation that occurs during type-2 diabetes, cardiovascular and autoimmune diseases
and during localized chronic inflammation that occurs due to chronic infections. In spite of
so much advancements made in inflammation biology, the causes and mechanistic details
are still partly understood and need an in-depth analysis to completely unravel the mystery.

During pathogenic invasion, the host immune system initiates an immediate defense mecha-
nism. The pathogens are recognized by the pattern-recognition receptors (PRR) [2] that iden-
tify pathogen-associated molecular patterns (PAMPs) [3] and danger-associated molecular
patterns (DAMPs) to rapidly activate the innate arm of the host immune system, including
the secretion of chemokines and cytokines [4]. The PRRs, like the Toll-like receptors (TLRs)
[5] are present on the plasma membrane and in the endosomes while the RIG-I-like receptors
(RLRs) [6], NOD-like receptors (NLRs) [7] and AIM2-like receptors (ALRs) [8] reside in the
cytoplasm. During viral infections, the viral RNA is sensed by TLR3, TLR7 and TLRS, and
viral DNA is sensed by TLR9. Similarly, viruses are also recognized by soluble sensors such
as the RNA-sensing RIG-like helicases (RIG-I and MDAD5) or the DNA-sensing PRRs (DAI
and AIM2). The viral RNA in cytoplasm is detected by the helicase domain of either RIG-I
or MDAS followed by the exposure of the caspase recruitment domain (CARD) to interact
with the N-terminal of mitochondrial adaptor protein (MAVS). This CARD-CARD interaction
leads to dimerization of MAVS in the mitochondria to form the MAVS signalosome which
further activates the NF-«B, production of type I interferons (IFNs) and the secretion of proin-
flammatory cytokines (IL-1 and IL-18) and chemokines [9, 10]. The maturation of IL-1f and
IL-18 depends on the proteolytic cleavage of the pro-form of caspase-1 to release the active
forms of IL-1p3 and IL-18 [11]. The formation of the active caspase-1 (p10/p20) is often regu-
lated by multi-protein complexes called the inflammasomes [12].

Several distinct inflammasomes including the NLRP3 inflammasome, the absent in melanoma
2 (AIM2) inflammasome, the y-interferon-inducible protein 16 (IFI16) inflammasome and the
RIG-I inflammasomes have been identified to be activated during specific viral and bacterial
infections [13]. Several viruses such as vaccinia virus (VACV) [14], HCV [15], hepatitis B virus
(HBV) [16], human papillomavirus [17], mouse cytomegaloviruses (mCMYV) [14, 16], influenza
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virus [9, 18] and Vesicular stomatitis viruses (VSV) [19] have been reported to activate inflam-
masomes. In this book chapter, we have reviewed the role of inflammation and discussed the
detailed mechanism of activation, following viral invasions, specifically during HCV infection.

2. Overview of inflammatory response to viral infections

2.1. Virus-induced inflammatory response

Inflammation is very crucial in maintaining the homeostasis that’s altered during any exog-
enous stimuli such as the tissue injury or a pathogenic infection. Several viruses are known to
induce inflammatory response. The virus is sensed by TLRs (TLR3/7, TLR8/9), RLRs (RIG-I and
MDADS5) and RNA-dependent protein kinases (PKR), to induce the production of inflammatory
mediators and IFNs. The dsRNA is usually sensed through RIG-I and/or TLR3 in the monocytes,
macrophages and non-immune cells (endothelial cells, epithelial cells and hepatocytes) whereas
in plasmacytoid dendritic cells, TLR7 is highly expressed and acts as the major ssRNA sensor
[20-23]. The activation of RLRs and TLRs then promote the secretion of IFNs and proinflamma-
tory cytokines. The inflammation is further amplified when the proinflammatory cytokines and
chemokines, such as IL-6, IL-8, tumor necrosis factor alpha (TNF-a) and Rantes starts recruiting
other cell types to the infected tissue. These events not only contribute in the control of virus
replication but also significantly enhance the inflammatory responses and disease severity.

The endoplasmic reticulum is the major site for protein synthesis including viral protein syn-
thesis that disturbs the ER homeostasis and causes ER stress [24]. The main stress response
pathway in the ER is the unfolded protein response (UPR) which has been linked to enhanced
cytokine (TNF-a and IL-6) production due to activation of NF-«kB and pro-inflammatory tran-
scription factors [25, 26]. Thus the UPR pathway serves as the internal danger signal and
compliments the cellular viral sensors to boost subsequent antiviral response [27]. Since the
ER stress in the absence of any viral infection also leads to production of IL-1f secretion and
cell death, it would be interesting to investigate further if there is a crosstalk between the UPR
pathway and inflammasome activation during viral infection. The mitochondrial stress has
also been associated with formation of ROS that can result in the activation of NF-xB, Cox-2,
PGE2, IL-6 and activating protein-1 (AP-1), that subsequently up-regulate antioxidants and
inflammatory pathways, including the ISGs [28].

Several viruses such as influenza viruses (human HIN1 and avian H5N1) have been shown
to infect the microglia, astrocytes and neuronal cell lines and produce pro-inflammatory cyto-
kines, ultimately leading to cell apoptosis [29]. A recent study also showed that influenza virus
infection of mouse primary cortical neurons enhanced the mRNA levels of inflammatory cyto-
kines, chemokines, and type I IFNs [30]. The Epstein—-Barr virus (EBV) also triggers the TNF-a
signaling by its LMP1 protein, activating NF-«xB and resulting in production of IL-6 and subse-
quently a number of pro-inflammatory and immune stimulatory cytokines [31-33]. Similarly,
the KSHV encodes several genes specially the viral Fas-associated death domain-like IL-1-
converting enzyme inhibitory protein (vFLIP) that induce NF-«B activation that subsequently
upregulates the chemokine CCL20 and its receptor CCL6. The CCL20 then recruits dendritic
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cell and lymphocyte and thus contributes to the inflammatory infiltrate in the Kaposi’s sar-
coma lesions [34, 35]. In case of hepatitis B and C viruses, the liver cancer develops due to years
of inflammation, oxidative stress (OS) and cell death leading to chronic liver damage. The liver
infiltrating lymphocytes contributes majorly in the production of pro-inflammatory cytokines
such as TNF-a, IL-6 and IL-1p during chronic HBV/HCV infection [36, 37].

2.2. Virus-induced inflammasomes

Several viruses like the influenza viruses, Respiratory syncytial virus (RSV), hepatitis B and
C viruses, Dengue virus and herpesviruses have been reported to induce inflammation and
activate the inflammasomes (Table 1). Few viruses are cleared, while a majority of viruses that
cause chronic infection and cancer tend to utilize the inflammasome complex and the cellular
milieu for their survival and have successful infection. The various inflammasomes that gets
activated during different viral invasions are shown in Table 1 and Figure 1.

The inflammasomes further contribute in secretion of inflammatory cytokines during viral
infections. The following inflammasomes have been widely discussed during viral infections:

2.2.1. NLRP3 inflammasome

The NLRP3 inflammasome is the best-studied inflammasome and is known to be activated by
viruses belonging to different families, suggesting a common pathway for detection of viruses
and appropriate response by the host cells. NLRP3 is a multi-domain protein comprising of
the N-terminal caspase recruitment domain (CARD), a PYD, a central nucleotide-binding and
oligomerization domain (NACHT) (also termed NOD) and the C-terminal leucine-rich repeats
(LRRs) [50]. The N-terminal domain helps in signal transduction by interacting with other
CARD or PYD-containing proteins. The central NACHT domain serves as the scaffold protein
and helps in oligomerization, thus activating the inflammasome. The LRRs are believed to act
as ligand sensors. The formation of NLRP3 inflammasome induces the activation of caspase-1
and production of mature IL-1(3 and IL-18 [11]. NLRP3 inflammasome has been shown to be
activated by ATP mediated efflux of PAMPs [51], lysosome/cathepsin B [52] and Ca?'/ROS [53].
Viruses from different families are known to activate and modulate NLRP3 inflammasomes.

PRR Pathogens PAMPs recognized Cytokines expression Refs
modulated

NLRP3 Influenza virus, Sendai virus, Vaccinia RNA IL-1p and IL-18 [15, 18,
virus, HCV, RSV, VSV and Rabies virus 38-43]

AIM2 VACV, HBV, HPV and mCMV Cytoplasmic DNA  IL-1g and IL-18 [14, 16, 17,

44]

RIG-I Influenza virus, HCV, Rabies virus, JEV, RNA Type I1FNs, IL-1$3 [6,9, 45, 46]
RSV and IL-18

IFI16 KSHYV, EBV, HSV-1 Nuclear DNA Type I1FNs, IL-1$3 [47-49]

Table 1. Virus-induced inflammasome activation and modulation of cytokines.
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Figure 1. Inflammasome activation during viral infection. Infection with viruses leads to inflammasome activation.
Depending on the type of nucleic acid composition of the invading pathogen different types of inflammasomes are
activated. TLRs do not form inflammasome but do sense PAMPs and DAMPs associated with pathogens and its
associated products. TLRs are located on either the cell membrane (TLR3 and TLR4) or endosome (TLR7 and TLRS).
Sensing of PAMPs and DAMPs by TLRs activates cellular pathways which leads to the production of IFNs and
proinflammatory cytokines. IFI16 detects DNA in the nucleus and is activated through formation of a complex formed
with ASC and caspase-1. Similarly, AIM2 also detects pathogen DNA in the cytoplasm and forms an inflammasome with
ASC and caspase-1. Whereas, RIG-I and NLRP3 both sense RNA PAMPs from pathogens, and similar to IFI16 and AIM2,
form an inflammasome complex with adaptor ASC and effector caspase-1. Formation of inflammasome complex leads to
its activation and release of IFN and proinflammatory cytokines which ultimately causes inflammation.

Influenza viruses are the most common activators of NLRP3 inflammasome [38]. Studies have
further shown that the influenza virus proton-specific ion channel M2 protein activates NLRP3
inflammasome in the acidic trans-Golgi network [54]. The hepatitis C virus (JFH-1) also activates
the NLRP3 inflammasome in Huh?.5 cells and THP-1 macrophages and leads to the production
of IL-1B [15, 43]. The ROS inhibitor diphenyleneiodonium (DPI) has been shown to inhibit the
HCV-induced IL-1(3 production [43]. Thus HCV has been shown to activate the NLRP3 inflam-
masomes both through the HCV genomic RNA and ROS model. Others viruses like the Rabies
virus [42], modified vaccinia virus [14], Japanese encephalitis virus [55] and Rift Valley fever
viruses [56] are also shown to induces IL-13 production and NLRP3 inflammasome activation.

Apart from RNA viruses, the DNA viruses are also reported to activate NLRP3 inflamma-
some. The Herpes simplex virus 1 (HSV-1) infection triggers the association of ASC with
NLRP3 along with the production of mature caspase-1 and IL-1p in the human foreskin fibro-
blasts [49]. Adenovirus activates IL-1f3 secretion in monocytic cells. The transfected adenovi-
ral DNA was known to activate the inflammasome which was NLRP3 independent, however
later in a study, it was observed that adenoviral infection could activate the NLRP3 inflam-
masome, thus suggesting that NLRP3 inflammasome activation could be dependent on the
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route of viral DNA. The study further showed that NLRP3 knockout mice showed decreased
IL-1P induction in response to adenoviral infection thus indicating the possibility of other
sensors identifying transfected adenoviral DNA in previous studies [57]. In another study,
the Varicella-Zoster Virus (VZV) was also demonstrated to activate the NLRP3 followed by
recruitment of ASC and caspase-1 in monocytic and melanoma cell lines and in skin xeno-
grafts [58]. Few studies have shown the relation of NLRP3 in HBV infections, however the
results does not directly correlate the increased expression of NLRP3 in CHB patients with
HBV-DNA copy number. Hence the increase in NLRP3 may be due to an indirect effect of
HBV such as the liver damage [59]. Another recent study has shown that HBV-HBeAg sup-
pressed the LPS-induced activation of the NLRP3 inflammasome and production of IL-1 by
suppressing the NF-kB pathway and ROS production [60]. Since studies about the activation
of NLRP3 during HBV infection are still progressing, it would be interesting to understand
how HBV modulates inflammasomes for its propagation.

2.2.2. RIG-I inflammasome

The RIG-I, a member of the RLR family, contains two N-terminal CARDs that recruits several
adaptor proteins, a central RNA helicase domain that has an ATPase activity and a C-terminal
regulatory domain (CTD) that binds to the dsRNA to collectively induce the type I IEN pro-
duction [61]. The RIG-I has been shown to recognize the dsRNA replication intermediates
of several RNA viruses [62]. Influenza virus, HCV, Sendai virus, New castle disease virus,
rabies virus and RSV showed defective IFN production in the absence of RIG-I [6]. The role of
RIG-I as inflammasome activator has been shown in a study that was conducted with rhab-
dovirus VSV infection in murine dendritic cells in which there was RIG-I dependent produc-
tion of IL-1B and IL-18 via NF-«B, caspase-1, and caspase-3 activation. The knockdown of
RIG-I in mice inhibited the secretion of IL-1f3 [19]. Another study however showed conflicting
results in which the infection with VSV was shown to be activated by NLRP3 and not by RIG-I
[41]. These contrary results highlight the possible dual role of RIG-I in the inflammasome
and type 1 IFN pathways. A study conducted with influenza virus infection in the primary
human bronchial epithelial cells demonstrated both RIG-I-dependent priming of the NLRP3
inflammasome as well as direct RIG-I-mediated inflammasome activation [9]. Thus extensive
research is still needed to analyze the roles of RIG-I during viral infections.

2.2.3. AIM2 inflammasome

The AIM2 is a member of the interferon (IFN)-inducible protein with a 200 amino acid repeat
family (also known as the HIN200 family of IFI200 family) containing an N-terminal PYD and
a C-terminal HIN200 domain. The family includes at least six members in mice (IFI202, IFI203,
IF1204, IF1205, PYHIN1 and AIM2) and four members in humans (IF116, MNDA, IFIX and AIM2).
Studies have demonstrated that AIM2 senses the cytoplasmic bacterial, viral, or even the host
double-stranded DNA (dsDNA) [8, 16]. The AIM2 utilizes its PYD domain to interact with ASC
and recruit caspase-1 for the AIM2 inflammasome formation and IL-1p and IL-18 secretion [16].
AIM2 has been shown to be required for activation of caspase-1 during the VACV and MCMV
infection in cell culture system but not during the HSV-1 infection [14, 63]. The sensing of VACV
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and MCMV but not HSV-1 indicates that few viruses have evolved to block the AIM2 mediated
recognition of their genome and downstream signaling. It has been further shown that AIM27
mice infected with MCMV were defective in IL-18 and IFN-y production as compared to their
control littermates [14]. The human hepatocytes have also been shown to express AIM2. An in
vitro study has shown that the AIM2 senses the hepatitis B virus in hepatocytes and increases the
production of IL-18. Further, the study showed that the expression of AIM2 in chronic hepatitis
B (CHB) patients was higher than that of controls and which positively correlated to the severity
of liver inflammation [64]. In another study conducted on peripheral blood mononuclear cells
(PBMCs) from patients with acute hepatitis B (AHB) and CHB during different clinical phases,
the expression of AIM2, IL-1§3, and IL-18 was observed to be significantly high in AHB com-
pared with expression in CHB patient samples [44]. The low expression in CHB patients also
suggests that AIM2 may be associated with the chronic development of hepatitis [44]. It would
be interesting to study if all the family of DNA viruses is sensed by the AIM2 inflammasomes.

2.2.4. IFI16 inflammasome

Similar to AIM2, the IFI16 belongs to the ALR family however they differ in their cellular
localization. The former is strictly cytosolic while the latter is mainly localized in the nucleus
due to its nuclear localizing sequence (NLS). Since both AIM2 and IFI16 recognizes DNA,
these sensors are also reported to get activated by self-DNA, potentially leading to various
autoimmune and auto inflammatory diseases such as lupus pathogenesis [65], Sjogren’s syn-
drome [66] and systemic sclerosis [67]. The IFI16 is also known to sense viral DNA during
infection. A study conducted on KSHV has shown that IFI16 recognized the viral DNA in the
nucleus and later translocated to cytoplasm only in infected cells [68]. Upon recognition of
the KSHV genome, the IF116 is acetylated in the nucleus and later redistributed to the cyto-
plasm with the help of BRCA1 [48, 69]. Among others, the herpes simplex virus 1 (HSV-1),
Epstein-Barr virus (EBV), and bovine herpesvirus 1 (BoHV-1) are also reported to activate the
IFI16-ASC inflammasomes and produce inflammatory cytokine IL-1f3 [47, 49, 70].

3. Hepatitis C virus and liver inflammation

Hepatitis C virus is a hepatotropic virus, belongs to the Flaviviridae family. It is a positive sense
single-stranded RNA virus. The RNA genome is present in an icosahedral structure made up
of core proteins, which is further encapsulated in lipid bilayer which contains E1/E2 glyco-
proteins in a heterodimer on the membrane [71]. The RNA genome contains a 5'UTR which
has an internal ribosomal entry site (IRES) and is required for cap-independent translation
[72, 73]. On the other hand, the 3'UTR consists of mainly a poly (U/UC) tract and X-tail which
have been shown to be required for replication of viral RNA [74, 75]. In between the two UTRs
exists the genomic region which translates into a 3000aa polyprotein which is cleaved by host
peptidases and viral proteins to form structural (core, E1 and E2) proteins, p7 and non-struc-
tural (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins. The virus is known to cause chronic
infections in liver and eventually cancer (Figure 2). HCV causes chronic inflammation leading
to liver fibrosis, steatosis, cirrhosis and finally hepatocellular carcinoma (HCC).
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Inflammation is a crucial physiological event that occurs during chronic HCV infection.
Chronic inflammation is defined by the persistence of inflammatory cells and destruction
of liver cells. The liver cells have a unique regenerative capacity and can replace a signifi-
cant loss of liver cells by compensatory proliferation. However, the chronic liver damage and
regeneration results in scarring of liver called liver fibrosis. The fibrotic stage is character-
ized by the activation of HSCs and extracellular matrix (ECM) secretion. The liver fibrosis is
also enhanced due to promotion of activated hepatic stellate cells (HSCs) survival in a NF-xB
dependent manner by the KCs and recruited macrophages [76]. The ROS released by KCs
and NADPH oxidase stimulated ROS production in HSCs and hepatocytes, result in robust
induction of OS leading to DNA damage, enhanced expression of proinflammatory genes,
fibrogenesis and malignancy [77]. The fibrotic stage gradually progresses to late stage of fibro-
sis called cirrhosis, which is the hallmark of an irreversible advanced stage liver injury. At this
stage the dense bands of fibrotic scar develops into abnormal nodules of hepatocytes, result-
ing mainly from regenerative hyperplasia, separated by fibrous tissues. The disease progres-
sion eventually leads to the loss of normal functionality of liver such as xenobiotic metabolism
and the metabolism of carbohydrates, proteins and other crucial molecules. In case of HCV
infection, the complication progresses as a mild liver disease for 15-20 years after which a
substantial number of individuals develop liver cirrhosis with clinical complications such as
ascites, variceal hemorrhage and hepatic encephalopathy [78]. The ultimate complication of
cirrhosis is the development of hepatocellular carcinoma.

In HCV infected individuals, besides a local inflammation in the liver, a mild systemic
inflammation is also observed due to increased pro-inflammatory cytokine serum levels and
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activation of blood monocytes. The OS generated during chronic infection also plays key
roles in the development of local and systemic inflammation. HCV proteins activate sev-
eral pathways responsible for increased inflammatory response. The NS5A, for example,
promotes upregulation of Cox-2 which contributes to chronic inflammation and fibrosis
through production of various prostaglandins [79]. The chronic liver damage due to con-
tinuous inflammatory response (various inflammatory cytokines) and OS for several years
ultimately leads to liver cancer [36]. Similarly, HCV infection also leads to an enrichment of
proinflammatory cytokines in the liver cells ultimately leading to increased secretion of TNF-
o, IL-6 and IL-1p [80]. These inflammatory events make the HSCs highly responsive to the
transforming growth factor 3 (TGF-3) [81] that promotes hepatic fibrogenesis and eventually
the progression and prognosis of HCC [82, 83]. HCV also induces the ER stress that increases
the intracellular ROS levels which ultimately leads to increase in inflammatory gene expres-
sion by activation of NF-kB, AP-1 and STAT3 [84, 85]. A study has shown that the HCV
core induces lipid accumulation leading to increased ROS production and inflammation ulti-
mately promoting the HCC in transgenic mice [86, 87]. Osteopontin (OPN) is a cytokine that
either remain intracellular or is secreted to allow both autocrine and paracrine signaling.
Studies have shown the correlation of hepatic inflammation with increased expression of
OPN [88, 89]. Recent studies have also shown that OPN is a crucial player during HCV infec-
tion and plays roles in epithelial to mesenchymal transition of hepatocytes [90, 91].

3.1. Role of various cytokines in HCV-induced inflammation

Cytokines belong to a large group of proteins that are secreted from specific cells of the
immune system and perform a wide range of biological functions including innate and
acquired immunity, hematopoiesis and inflammation. They mainly include the interleukins,
chemokines, IFNs, TNF etc. Viral proteins and dsRNA from HCV triggers the induction of
proinflammatory cytokines and chemokines. HCV core protein has been shown to induce
inflammatory cytokines through the STAT3 signaling pathway [92]. A study further showed
that a cross-talk existed between the HSCs and HCV-infected hepatocytes. The IL-13 secreted
by HSCs co-cultured with the hepatocytes, ignited the production of several pro-inflamma-
tory cytokines and chemokines, such as IL-6, IL-8, MIP-1a and MIP-13, by the hepatocytes
[93]. The HCV proteins (NS3, NS4 and NS5) are also reported to induce the human Kupffer
cells (KCs) to synthesize inflammatory cytokines such as TNF-a and IL-1(3 [94]. The HCV-
NS5A protein has been shown to induce high levels of pro-inflammatory chemokine IL-8 to
inhibit IFN-a thus facilitating the viral replication despite IFN «a/f induction [95]. In vitro
studies have shown that IL-10 production is regulated by HCV structural proteins to inhibit
IL-12 production in myeloid cells. This also correlated with reduced IL-12 levels observed
in chronic hepatitis C patients [96]. Serum cytokine levels were evaluated in HCV patients,
and it was observed that both T helper (Th) 1 and Th2 lymphocytes were highly associated
with chronic HCV infection [97]. This lead to the increased production of IL-2, IL-4, and IL-6
cytokines in all chronic active hepatitis patients [97]. Liver fibrosis has been shown to prog-
ress due to the persistent inflammation activating the HSCs, myofibroblasts, and fibroblasts
which are regulated by pro-inflammatory cytokines such as TGF-f3, IL-6, TNF-a, CCL21,
and platelet-derived growth factor (PDGF) [98]. The HCV related mixed cryoglobulinemia
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(MC) (MC + HCV) is an extrahepatic disease associated with HCV infection. In a study, the
MC + HCV was shown to express significantly higher mean IL-1f3, IL-6, and TNF-a levels
than the controls or the HCV patients [99]. A recent study has shown the importance of Th17/
IL-17 axis in HCV-induced chronic hepatitis and progression to cirrhosis. It promotes the
recruitment of inflammatory cells and cytokines IL-6 and IL-23. A similar observation was
also made in HCV patients with orthotopic liver transplantation (OLT). The recipients with
HCV-induced allograft fibrosis or cirrhosis presented with higher levels of HCV-specific
Th17 cells along with proinflammatory mediators (IL-17, IL-1§3, IL-6, IL-8, and MCP-1) [100].
In a study conducted to analyze the expression of cytokines in HCV infected patients, it was
observed that TNF-a expression was localized mainly in liver sinusoidal cells (macrophages,
endothelial cells) and a high proportion of hepatocytes demonstrated expression of TNF-
a, IL-1a, and IL-2 [101]. IL-32 has also been shown to be expressed by human hepatocytes
and hepatoma cells and is involved in HCV-associated liver inflammation [102]. In addi-
tion, IL-32 was found to be constitutively expressed in the human hepatoma cells and was
observed to be upregulated by IL-1f3 and TNF-a [102].

3.2. HCV-induced oxidative stress adds to inflammatory response

Oxidative stress plays a significant role in HCV-induced liver damage. HCV infection has also
been reported to activate the liver-residing macrophages- Kupffer cells (KC) and result in ROS
production. The activated KCs enhance the production of TNF-a and ROS as a mechanism to
cope with HCV infection by killing hepatocytes [103]. HCV has also been shown to induce OS
through calcium signaling [84, 104, 105]. The HCV infection also induces ROS that stimulates the
NF-«B to activate Cox-2. This event ultimately leads to overexpression of Cox-2 thereby increas-
ing the levels of pro-inflammatory molecules, PGE, (Figure 3) [104]. The ROS also activates a
transcription factor, STAT-3, that controls important cellular processes required for cell survival,
proliferation, differentiation and oncogenesis [106] and constitutive activation of NF-kB and
STAT-3 by HCV has been shown to be involved in acute and chronic liver disease associated
with HCV infection [107]. ROS has also been shown to increase the proliferation of HSCs as well
as TGF-f3 and collagen synthesis to promote fibrogenesis [108]. Hepatic steatosis, reported in
more than 50% of HCV-infected patients, has also been linked to OS in CHC patients infected
with HCV genotype non-3 [109]. The HCV-infected human hepatoma cells enhance the expres-
sion of TGF-1 by induction of transcription factors AP-1, Sp1l, NF-«B and STAT-3 via OS [110].

3.3. Role of inflammasomes in HCV-induced inflammatory response

HCV infection in liver cells stimulates host responses which triggers PRRs to recognize HCV
components. Recognition usually occurs through TLR3 and TLR7 on either the cell surface
or the endosomal compartments during HCV infection (Figure 3) [111]. TLR expression and
recognition of HCV associated PAMPs has led to production of IFN as well as activation of
NF-kB mediated inflammatory molecules which ultimately cause inflammation. TLR3 signal-
ing pathway is led by TIR-domain-containing adaptor-inducing interferon-B (TRIF) which
activates IRF-3 and NF-kB which produces pro-inflammatory cytokines, chemokines and
type I IFN. Even though TLR3 expression was observed in HCV infected cells it was identified
that the downstream signaling is impaired by HCV non-structural proteins NS3/4A, NS5A
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Figure 3. HCV-induced inflammasome regulates liver disease pathogenesis.

and NS5B [112] and also by decreasing the expression of TLR3 adaptor TRIF [113]. TLR7
activation leads to formation of a complex with MyD88, TRAF6, IRAK4 and IRAK1, which
further activates IRF7 and induces interferon signaling.

During HCV infection HCV PAMPs are not only recognized by TLRs but also by RIG-I. It
has been observed that HCV dsRNA is recognized by RIG-I during initial hours of HCV
viral infection [114]. dsRNA binding to RIG-I initiates an interaction between 14-3-3¢ and
E3-ubiquitin ligase TRIM25 [115, 116]. This interaction leads to another interaction of RIG-I
with MAVS, which contributes to IRF3 and NF-kB signalosome activation and production of
IFNs [117, 118]. It was identified by Baril et al. that HCV prevents further signal transduction
of RIG-I through proteolytic cleavage of MAVS by HCV NS3/NS4A protease [119]. MAVS
cleavage results in disruption of RIG-I mediated IFN production during HCV infection [120].

HCYV has also been shown to activate NLRP3 inflammasome in infected liver cells. A study has
shown that HCV increases NLRP3 expression in liver [121]. In another study Burdette et al. for
the first time showed induction and assembly of NLRP3 inflammasome in human hepatoma
cells infected with HCV (JFH-1) (Figure 3) [15]. The study demonstrated that NLRP3, upon sens-
ing the HCV, recruits an adaptor protein ASC for the assembly of the inflammasome complex.
The study also highlighted that the activation of IL-1p3 in HCV infected cells was achieved by
proteolytic processing of pro-caspase-1 into mature caspase-1 [15] and siRNA mediated cleav-
age of NALP3, ASC and caspase-1 abrogated the IL-1( secretion suggesting that HCV infected
hepatoma cells (epithelial) activates NLRP3 inflammasome [15]. In another study by Boaru et al.,
it was shown that NLRP3 inflammasome was prominently assembled in liver sinusoidal endo-
thelial cells and KCs, moderately in cultured HSCs and periportal myofibroblasts and almost
absent in primary hepatocytes [122]. Studies have also shown that NLRP3 inflammasome was
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not activated in human hepatoma cells or primary hepatocytes [43, 123]. The possible reason
for not observing the inflammasome in primary hepatocytes could be explained by the fact that
the authors relied on the detection of mature IL-1 and IL-18. There are other studies that sup-
port that hepatocytes express and also activates the inflammasome complex, however do not
secrete detectable amounts of IL-1(3 and IL-18 as compared to immune cells [124, 125]. This also
suggests that the activation of inflammasome in epithelial cells might be performing cytokine
independent functions. Negash et al. also showed that KCs were the major IL-1{3-producing cell
population during HCV infection and that the serum levels of IL-13 were significantly increased
in patients with CHC [43]. They also showed that exposure of THP1 cells to HCV-induced IL-13
production and secretion via NLRP3 inflammasome pathway. All these events lead to enhanced
proinflammatory cytokine and immune-regulatory gene expression [43]. In another study, Chen
et al. reported that HCV-induced ROS production activated the NLRP3 inflammasome and sub-
sequent IL-1P secretion [40]. Similarly, Shrivastava et al. also showed that the inflammatory cyto-
kines IL-1B and IL-18 were produced through the activation of NF-B pathway and induction of
ROS. In THP-1 cells they observed that the production of these cytokines was through the NLRP3
inflammasome activation and caspase-1 cleavage [123]. Interestingly, caspase-1 activation has
been shown to not only result in pro-inflammatory cytokine production but also regulation of
many other cellular pathways. A study by Li et al. identified 40 genes regulated by caspase-1 in
various tissues [126]. Previously, Grucel et al. showed caspase-1 induced activation of ste-
rol regulatory element binding proteins (SREBP) in response to bacterial pore forming toxins.
Thus, the contradicting results observed for the NLRP3 inflammasome activation in human
hepatocytes cells and immune cells could be due to the possibility that activation of the NLRP3
inflammasome leads to regulation of other cellular genes or pathways other than production
of pro-inflammatory cytokines. Therefore, the recent study from our lab has shown that HCV
exploits the NLRP3 inflammasome to activate the SREBPs and host lipid metabolism for liver
disease pathogenesis (Figure 3) [39]. In addition, IFN has been shown to inhibit NLRP3 inflam-
masome by blocking the caspase-1 dependent IL-13 maturation [127]. Thus therapeutically tar-
geting NLRP3 inflammasome complex or IL-1f could provide better interventions in managing
liver inflammation in CHC patients.

4. Therapeutic approaches to manage HCV-induced inflammation

HCV hasbeen linked to several other diseases including the lymphoproliferative diseases [128],
cardiovascular diseases [129], and atherosclerosis [130], and neuropsychiatric symptoms [131].
Since inflammation plays a key role in disease progression in chronic hepatitis C patients, a
therapeutic method to anti-inflammatory approach would result in better management of the
disease. Chen et al. have shown the beneficial effect of the aqueous extract of an edible sea-
weed Gracilaria tenuistipitata in inhibition of HCV replication by suppressing the Cox-2 protein
and thus reducing inflammatory response [132]. Sorafenib is a chemotherapeutic agent that
has been shown to inhibit the Raf/ERK pro-inflammatory and pro-fibrotic signaling pathways
[133]. Similarly animal model have been used to show the effect of TNFa inhibitors on reduc-
tion of IL-6 and TGF-{ [134], however the efficacy of such anti-inflammatory drugs will need
extensive research owing to the risk of interference with the IFN therapy prescribed for HCV
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Drugs Disease Role Refs

Pre-existing treatments

Sorafenib Hepatocellular carcinoma Inhibits Raf/ERK [130]

Corticosteroids Liver disorders Anti-inflammatory [138]

Cyclosporine Autoimmune hepatitis Calcineurin inhibitor, reduces [139]

cytokines, inhibits TGF- and IL-4
Azathioprine Autoimmune hepatitis Anti-inflammatory [140]
Budesonide Autoimmune hepatitis Anti-inflammatory synthetic [141]
corticosteroid

Tacrolimus Autoimmune hepatitis Calcineurin inhibitor [142]

Emerging or possible treatments for liver inflammation

Cenicriviroc Non-alcoholic steatohepatitis Inhibits chemokine receptors CCR2/  [143]
(NASH) and liver fibrosis CCR5

Fresolimumab Systemic sclerosis Neutralizes TGF-3 [144]

Pioglitazone Hepatic steatosis due to HIV/ Acts as a PPARY agonist, helps in [145]
HCV infections reduction of ROS

Glycyrrhizin Chronic hepatitis C and F2/F3 Anti-oxidant [145]
liver fibrosis

Resveratrol Non-alcoholic steatohepatitis Anti-oxidant [146]
(NASH)

Humira Certain arthritis such as TNF-a blockers [147]
rheumatoid and psoriatic

Celecoxib Pain and inflammation Cox-2 inhibitor [148]

Canakinumab Acute and chronic non-infectious  IL-1{ inhibitor [135]
inflammatory diseases

Pentoxifylline Liver fibrosis, Non-alcoholic TNFa suppressing [136, 137]
steatohepatitis (NASH), Primary ~ phosphodiesterase inhibitor
biliary cirrhosis (PBC), Alcoholic
liver disease

Ursodeoxycholic acid Primary biliary cirrhosis (PBC), Decreases TGF-{ signaling and [149, 150]

Autoimmune hepatitis

oxidative stress, TNF-a, IL-1a,
IL-1B, and IL-6, IL-10 NF-«B

Table 2. Pre-existing and emerging or possible treatments used against hepatic inflammation observed in various liver
diseases.

mediated hepatitis. Microbial translocation in HCV infected resident KCs could also serve
as a good platform to minimize the LPS-induced inflammasome response [135]. Dammacco
et al. in their study showed that triple therapy with pegylated IFN-a, ribavirin, and rituximab
(RTX) to patients with HCV-related cryoglobulinemia gave significantly better results than
those who only got pegylated IFN-a and ribavirin [136]. Since IL-1p is directly involved in
inflammatory response, and hence Canakinumab, a human monoclonal antibody that selec-
tively inhibits IL-1(3 was shown to inhibit many inflammatory biomarkers [137].
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Pentoxifylline (PTX) is a methylxanthine derivative with a variety of anti-inflammatory and
antifibrotic effects, has been shown to be effective in liver diseases like the alcoholic liver
disease [151], fibrosis/cirrhosis [152]. The drug also decreases the levels of TNF-a, IL-1, IL-6
and TGF-{ which holds significant therapeutic potential [153]. There are few preexisting and
possible emerging therapies against hepatic inflammation and liver disease available which
are listed in Table 2.

5. Conclusions

Inflammation is a crucial part of human immune response that kicks into high gear during any
tissue injury or invasion of harmful bacteria and viruses. When a cell dies, it stimulates a num-
ber of processes including the rapid recruitment of innate immune components from blood to
generate an inflammatory response. This is a double-edged sword that in one hand protects
and heals the injured tissues while on the other hand cause significant damage and disease
progression. Both bacterial and viral infections have been well recognized as potent source of
inflammation. Various studies have shown that these pathogens induce inflammation and in
some cases the inflammation is continuous for several years ultimately contributing to cancer.
With some oncogenic viruses, the unceasing inflammation significantly contributes to tumor
formation. Growing evidences support the crucial role of HBV- and HCV-induced inflamma-
tory responses in liver for both the reversal of disease as well as pathogenesis of hepatic and
extrahepatic diseases. The persistent HCV infection leads to chronic inflammation which has
been shown to be the primary cause of liver fibrosis and cancer. More importantly the epithe-
lial cells mediate the progression from fibrotic to carcinogenic stage. It has been shown that
during the chronic HCV infection, the hepatocytes show a transition from pSmad3C pathway,
characteristics of mature epithelial cells, to JNK/pSmad3L pathway which favors the liver
fibrosis and also increase the risk of cancer. Several studies have shown the roles of inflam-
matory mediator such as the IL-6, Cox-2, NF-kB and more recently the activation of inflam-
masomes, as major contributors in HCV pathogenesis. The HCV-induced inflammation still
needs more studies to better elucidate the treatment options and to date, the novel therapeutic
targets for inflammation, seems to be a good option for better management of disease, espe-
cially in non-responders to the standard antiviral treatment.
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Abstract

Hepeatitis C virus (HCV) is not only a hepatotropic but also a lymphotropic virus. Infection
of the immune system appears to be a natural propensity of HCV and, as the accumu-
lated data indicate, a common characteristic of both symptomatic and clinically silent but
molecularly evident infection known as occult infection. The ability of HCV to infect cells
of the immune system is consistent with a significantly greater prevalence of certain lym-
phoproliferative disorders in HCV-infected patients, such as mixed cryoglobulinemia
and B-cell non-Hodgkin’s lymphoma. This chapter recapitulates the approaches used
to detect HCV and its replication within lymphoid cells, features of HCV compartmen-
talization in the lymphatic system and in different types of immune cells, and the cell
culture models developed to study HCV lymphotropism. In addition, the characteristics
of the molecules recently identified as those specifically mediating HCV entry leading to
virus replication in B and T lymphocytes, which are distinct from those involved in virus
entry to hepatocytes, are presented. Finally, the biological impact of HCV lymphotro-
pism on the function of immune cells, virus persistence, and immune cell proliferation
and lymphomagenesis is summarized.

Keywords: HCV immune cell tropism, T lymphocytes, B lymphocytes, monocytes,
occult HCV infection, HCV persistence, immune cell functions, lymphomagenesis,
cryoglobulinemia, B-cell non-Hodgkin’s lymphoma

1. Introduction

The sequences of virological and immunological events leading to the pathological outcomes
associated with hepatitis C virus (HCV) infection are not yet fully recognized. This is mainly
because the onset of HCV infection rarely can be identified, the evolution to a symptomatic
disease often takes decades, and the majority of predisposing factors and processes contribut-
ing to the development of the most important pathological consequences, such as cirrhosis,
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hepatocellular carcinoma (HCC), and coinciding lymphoproliferative disorders, remain
unknown. The fate of HCV during prodromal and convalescent phases of infection is also
poorly recognized. Moreover, in addition to a symptomatic infection, which is normally
accompanied by circulating HCV RNA and antibodies to HCV (anti-HCV), HCV can also
persist as a clinically silent (occult) infection [1-3]. This infection is accompanied by very low
levels of HCV RNA in serum (usually below 100200 virus genome copies per mL), liver, and
peripheral blood mononuclear cells (PBMCs), which are detectable with a significant diffi-
culty, if at all, by clinical assays [4, 5]. This occult HCV infection (OCI) continues for decades
after either spontaneous (self-limited) or antiviral therapy-induced resolution of hepatitis
[1-4, 6-10]. OCI may have epidemiologic (e.g., contamination of blood and organ donations)
and pathogenic (e.g., cryptogenic liver disease and oncogenicity) consequences which are not
yet well recognized. Furthermore, experimental and clinical data indicate that HCV replicates
not only in the liver but also in the lymphatic system, where it can modify development,
proliferation, and function of immune cells [1, 2, 4, 5, 11-18]. It is also apparent that immune
cells are reservoirs of persisting HCV where virus may hide from immune surveillance and
elimination, similar to that in infections with other lymphotropic viruses [19-22]. The ability
of HCV to infect cells of the immune system is consistent with a significantly greater preva-
lence of lymphoproliferative disorders in patients chronically infected with HCV, including
mixed cryoglobulinemia (MC), B-cell non-Hodgkin’s lymphoma (B-cell NHL), and marginal
zone lymphoma [23-26]. Regression of these diseases in considerable numbers of patients
treated with anti-HCV therapies is indicative of the direct role of HCV in the pathogenesis of
those diseases [27, 28].

2. Identification of lymphotropic HCV replication

The current approach to the diagnosis of HCV infection, which typically includes testing of
only serum samples but not samples from liver or otherwise easily accessible PBMC, using
assays detecting only HCV RNA-positive (also termed as non-replicative, genomic, or veg-
etative) strand and anti-HCV, is an obstacle in the precise determination of HCV clearance,
that is, cure. These limitations are also a source of controversies regarding the natural history
and the longevity of infection, as well as the sites of virus persistence [29-33]. Consequently,
patients who are considered free of infection may produce low levels of biologically compe-
tent virus for an extended time after vanishing of symptoms and biochemical normalization
of liver function achieved due to either spontaneous resolution or clinically apparent sus-
tained virologic response (SVR) to antiviral treatment [1, 4-6, 8, 9]. Testing of serial samples of
serum or plasma and, in particular, PBMC collected a few months apart increases the detec-
tion of low levels of HCV RNA during follow-up, even when clinical assays of moderate or
low sensitivity are applied. This is due to the fluctuating level of circulating virus during OCI
that can temporarily increase to the levels detectable by these assays [2, 4, 5].

Identification of HCV infection in immune cells is not just about the mere detection of virus
RNA-positive strand, since the occurrence of this strand alone may reflect incidental cell sur-
face attachment or cellular uptake of virus or its genomic material. A combination of a few
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approaches has been applied to credibly detect replicating HCV in immune cells [4]. They
involve the documentation of (1) HCV RNA-negative (also termed as replicative or anti-
genomic) strand [1, 6, 9, 34]; (2) viral structural and/or, preferentially, nonstructural proteins
within the cytoplasm of infected cells [15, 34]; (3) distinctive HCV variants in total PBMC
or their cell subsets when compared to those in plasma or in liver of infected patients, or
emergence of HCV variants in cultured cells which are distinct from those occurring in inoc-
ula used to infect them [15, 34]; (4) susceptibility of infected cells to ex vivo treatment with
interferon alpha (IFN-a) [6, 35] or direct acting antivirals (DAAs) [9, 34]; (5) transmission of
infection to virus-naive cells by cell-free supernatants from primary-cultured cells or de novo-
infected cultures [34, 35]; (6) display of biophysical properties of virions by viral particles
released during culture of infected cells [35], and (7) visualization of HCV virions released
from infected cells by immunogold electron microscopy (IEM) with virus envelope-specific
antibody [6, 35]. However, although the immune cells can support the complete cycle of HCV
replication and production of biologically competent virion particles, the virus load per cell
and the level of virus replication in either in vivo- or in vitro-infected immune cells are much
lower than those seen in the HCV JFH-1 (Japanese fulminant hepatitis-1)-Huh?7.5 cell infec-
tion system. Also, for comparison, the loads of HCV RNA per cell in total PBMC were found
to be lower than those per hepatocyte in chronic hepatitis C (CHC), but comparable to each
other during OCI [7]. Overall, investigations of HCV lymphotropism remain challenging and
require highly sensitive detection techniques and meticulous approaches.

3. HCV compartmentalization in the immune system

HCV displays a remarkable genetic variability and typically exists in an infected host as a heter-
ologous population of closely related subpopulations of viral particles carrying slightly different
genomic sequences, called collectively as quasispecies. The 5-untranslated region (5-UTR) of
virus genome contains an internal ribosome entry site (IRES) essential for viral RNA translation.
This sequence is highly conserved among different HCV genomes, and arise of variants within
this region is usually an indicator of a sustained virus change. HCV derived from extrahepatic
locations tends to display variations in the IRES sequence when compared to the genomes from
plasma and liver [5, 36]. Some of these substitutions are located at particular nucleotide posi-
tions, suggesting that they may reflect virus adaptation to replication in a non-hepatic milieu.
In addition, variants within the hypervariable region-1 (HVR1) of the virus E2 protein, although
much more common than those in the 5-UTR, may also reflect the site-restricted replication of
HCV variants. Overall, compartmentalization of HCV variants in immune cells is considered to
be a reliable indicator of hepatocyte-independent virus replication [36].

The existence of HCV quasispecies with affinity to immune cells has been suggested shortly
after HCV discovery [37-39]. Evidence for lymphotropic HCV variants was found in
patients with CHC, acute hepatitis C, as well as in asymptomatic individuals with persis-
tent OCI [4, 14, 15, 40—47]. Analyses of HCV variants residing in PBMC by clonal sequencing
and single-stranded conformational polymorphism (SSCP) revealed features which argued
against the possibility of carry-over of variants from plasma-derived HCV RNA or from
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virus nonspecifically attached to the cell surface [5-9, 13, 15, 42, 48, 49]. Furthermore, HCV
variants from lymphoid cells were genetically related, but distinct from those occurring
in serum or liver. In some instances, HCV quasispecies identified in lymphoid cells were
detectable in serum but not in liver tissue, indicating that the majority of circulating virus
could be of extrahepatic origin. In this regard, the analysis of the HVR1 from liver, PBMC,
and serum showed that certain virus variants occurring in serum resided only in PBMC
but not in the liver [42, 44]. Moreover, HCV quasispecies from one cell type, for example,
CD8' T lymphocytes, were statistically more genetically like one another when compared to
variants from other immune cell subsets, such as CD4* T cells. In one pertinent study, HCV
RNA sequences carried by CD8" T lymphocytes were phylogenetically clustered close to
one another, but not to those detected in CD4* T cells or CD19* B cells [48]. It has been found
that certain sequence polymorphisms within the IRES of the 5'-UTR of the HCV genomes
originating from lymphoid cells coincided with a different IRES translational activity which
could promote HCV replication in cells carrying those variations [36, 50]. Similarly, it was
demonstrated using liver-derived hepatoma Huh? cells that HCV IRES variants originating
from plasma displayed a significantly higher translational activity than those from HCV
residing in B cells [51]. On the other hand, the IRES variants of virus replicating in B cells
displayed a similarly low translational efficiency in Raji and Daudi B-cell lines as well as in
hepatoma Huh?7 cells, suggesting not only their extrahepatic origin but also a low capacity
to replicate in B cells [51].

As already alluded to, the studies on HCV compartmentalization in the immune system dem-
onstrated the existence of replicating virus in all the main subsets of circulating lymphomono-
nuclear cells, including B cells, T lymphocytes, and monocytes [1, 13, 15, 42, 52]. There is also
evidence for HCV replication in other immune cell types, such as dendritic cells (DCs) [53,
54]. In one of our studies, the virus load and the level of HCV replication were quantified in
total PBMC as well as in affinity-purified cell subsets from these PBMCs, including CD4" and
CD8* T lymphocytes, B cells, and monocytes from patients with CHC or OCI [15]. This inves-
tigation showed significant differences in the level of immune cell subset infection between
patients with CHC and OCI with overall greater HCV loads in immune cells in CHC com-
pared to those with OCI. In addition, monocytes carried the greatest HCV amounts in CHC,
while B cells tended to contain the highest virus loads, and monocytes were the least fre-
quently infected in OCI. Interestingly, while the total PBMCs were HCV RNA nonreactive in
some individuals, the immune cell subsets isolated from these PBMCs clearly displayed virus
RNA and its replicative strand, suggesting preferential or exclusive infection of the particular
immune cell subset. This also indicated that the testing of total PBMC may not always identify
residing virus and, thus, the analysis of individual immune cell types should be considered.
In this study, HCV replication in immune cells was ascertained by the detection of (1) HCV
RNA replicative (negative) strand, (2) HCV nonstructural 5a protein (NS54), and (3) HCV
variants distinct from those found in plasma of the same patients. In addition, immune cells
were exposed ex vivo to a T-cell-stimulating mitogen in the presence of human recombinant
interleukin-2 (IL-2) to augment HCV replication. We previously showed that such a treatment
increases HCV replication in immune cells and improves detection of virus [15, 55]. Overall,
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the study identified the main immune cell types involved in HCV infection in CHC and OCI
and demonstrated that the immune system supports HCV replication regardless of the clini-
cal appearance of infection.

It should be mentioned that the identification of HCV in the lymphatic system is not limited
only to PBMC. HCV genomes and its proteins were also demonstrated in lymph nodes and
bone marrow [47, 56]. In regard to lymph nodes, replicating HCV genomes and virus core and
NS3 proteins were detected within biopsied B-cell-rich lymphoid follicles from patients with
CHC [47]. In one study, not only did B cells appear to be the primary site of HCV infection in
this secondary lymphoid tissue, but clonal sequencing analyses also indicated that in certain
patients, HCV residing in lymph node-derived B cells could contribute up to 40% of the total
level of viremia [47]. Furthermore, it is of note that HCV RNA sequences found in cerebro-
spinal fluid of patients co-infected with human immunodeficiency virus type 1(HIV-1) were
identified to be more similar to virus sequences in PBMC and lymph nodes than to those in
plasma. This raised a possibility that cells of the monocyte/macrophage lineage may carry
HCV into the brain, and that resident microglial cells maintain its replication independently
of the liver [56, 57]. In addition, HCV RNA-positive and -negative strands, as well as HCV
structural and nonstructural proteins, were readily detectable in CD34* hematopoietic pro-
genitor cells in the bone marrow of patients with CHC [58], reinforcing the notion of extrahe-
patic HCV replication. However, there was no evidence of primary CD34" cells from healthy
individuals supporting de novo HCV infection. The same study showed that CD34" cells from
CHC patients could release HCV RNA into culture supernatant, linking the development of
CD34* cells to their susceptibility to HCV.

4. Replication of HCV in primary immune cells and cultured
immune cell lines

Direct support for the inherent propensity of HCV to enter and propagate in cells of the
immune system stems from in vitro studies where HCV-susceptible stable human lympho-
cytic cell lines, normal human PBMC, or primary immune cell subsets isolated from PBMC
were exposed to HCV. In this regard, it is important to note that only authentic, patient-
derived virus, but not laboratory-constructed recombinant HCV clones, including HCV JFH-1,
infect either primary immune cells or susceptible immune cell lines [59, 60]. Hence, it was
reported that HCV carried in the serum or plasma of HCV-positive patients was infectious to
Raji and Daudi B-cell lines [18, 61] and to T-cell lines, such as Molt-4 [62-64], HPB [65] and Jurkat
(all derived from patients with acute T-lymphoblastic leukemia) [63, 64], and pre-stimulated
PM1 (originated from acute cutaneous T-cell lymphoma) [63, 64]. It was also shown that HCV
released from SB, a B-cell line established from the splenocytes of an HCV-positive patient with
type I MC and monocytoid lymphoma [66], was infectious to human primary CD4* T cells [67],
and Molt-4 and Jurkat T cells [68]. Others have demonstrated the ability of primary lymphoid
cells from healthy individuals, including total PBMC [11, 43, 52], T lymphocytes [6, 15, 35], B
cells [8, 15, 51, 69, 70], and monocytes/macrophages [15, 71] to support HCV infection.
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The studies from our laboratory showed that authentic HCV of different genotypes can infect
total T cells enriched in culture from PBMC of healthy donors by their intermittent stimula-
tion with phytohemagglutinin (PHA) in the presence of human recombinant IL-2 [6, 34, 35,
63, 64]. Replication and secretion of infectious HCV virions in this system were ascertained
by the detection of (1) HCV RNA replicative strand and NS5a and/or core protein in infected
cells [6, 34, 35, 63], (2) the emergence of HCV variants not existing in inocula used to infect
the cells [6, 34], (3) the release of HCV RN A-reactive particles with buoyant density and ultra-
structural properties of virions [34, 35], (4) virions released by infected cells via IEM [6, 34],
and (5) the serial passage of HCV produced by the de novo-infected cells in virus-naive pri-
mary T cells [35]. Moreover, the de novo HCV infection was inhibited by IFN-a- [35] and HCV-
specific protease inhibitor Telaprevir [34, 63]. Furthermore, the system was adapted to include
readily available Molt-4 and Jurkat T cells as infection targets, making it independent from
freshly isolated human PBMC [63, 64]. In this model, the infection of essentially intact cells
with unmodified, naturally occurring HCV allowed for the determination of (1) infectivity of
low levels of HCV persisting in the course of OCI [6], (2) CD5 as the T-cell-specific receptor
that mediates infection of the cells with patient-derived HCV [63], (3) differential expression
of candidate HCV receptors in human T cells prone or resistant to infection with authentic
HCV [64], and (4) an impact of infection with HCV on the suppression of CD4" T lymphocyte
proliferation [72]. In the most recent study [34], the same infection system was also applied to
recognize quantitative differences between CD4" and CD8* T-cell subsets in the level of HCV
replication and to define properties of the virus produced by these cells. These investigations
showed that although HCV replicates in both cell subtypes, the level of HCV replication in
CD4' T cells was significantly higher than that in CD8" T cells. Intracellular HCV NSb5a and
core proteins were displayed at a similar frequency in both subtypes, that is, in 0.9 and 1.2%
of CD4" and CD8" cells, respectively. Double staining for HCV NS5a protein and CD4 or CD8
T-cell differentiation markers provided conclusive evidence that virus replicated in both cell
types. In addition, virus produced by CD4" and CD8" cells displayed different biophysical
properties than those characterizing viral particles occurring in plasma used to infect the cells,
confirming that new virus was produced, and the same virus was infectious to naive CD4" of
CD8* T cells isolated from a healthy donor. Remarkably, the data obtained from the in vitro
infection of CD4* and CD8" T cells were comparable to those characterizing the infection of
primary CD4" and CD8" T cells isolated from HCV-infected patients [15], although the level of
HCV replication tended to be higher in in vitro than in in vivo conditions. Since HCV-specific
T-cell effector activity is considered to be a principal factor underlying the pathogenesis of
CHC as well as the resolution of hepatitis [73, 74], HCV infection of the T cells may have a
direct impact on the virus-specific immune T-cell-depended responses and, in consequence,
advance both virus infection and disease process.

5. Molecules mediating entry leading to HCV replication in immune
cells

The HCV envelope is composed by two glycoproteins, E1 and E2. These proteins are primar-
ily responsible for the virion attachment to the cell surface molecules serving as receptors
and for the subsequent steps of viral entry [75]. The ability of HCV to infect human cells has
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been interpreted almost exclusively in the context of the interactions between HCV JFH-1
strain, related strains, or pseudoparticles and hepatocyte-like Huh?7 cells or their subclone
Huh?.5. Based on these studies, tetraspanin CD81 [76], glycosaminoglycans [77], low-density
lipoprotein receptor (LDL-R) [77], scavenger receptor class B-type 1 (SR-B1) [76, 78], the tight
junction protein claudin-1 (CLDN-1) [79], occludin (OCLN) [80-82], and co-factors, such as
epidermal growth factor receptor (EGFR) and ephrin receptor A2 (EphA2) [83], have been
proposed to contribute either directly or indirectly to HCV entry into hepatocytes. In addi-
tion, the Niemann-Pick Cl1-like 1 (NPC1L1) cholesterol absorption receptor and transferrin
receptor 1 (TfR1) have been implicated in HCV entry [84, 85]. However, the degree to which
these individual molecules participate in HCV infection of normal human hepatocytes by nat-
urally occurring virus requires validation, particularly since the majority of these molecules
are ubiquitously displayed on many cell types. On the other hand, molecules determining
HCV lymphotropism remained entirely unknown until recently.

An important finding toward the recognition of virological determinants mediating HCV
lymphotropism was recently provided which showed that a distinct virus subpopulation
capable of encoding particular E1E2 (envelope) epitopes might be responsible for the infec-
tion of B lymphocytes [86]. Isolated HCV E1E2 glycoproteins from patient B cells were able to
confer the ability to enter and replicate in B cells to a non-lymphotropic HCV JFH-1 strain, as
demonstrated by the detection of viral RNA and proteins within those cells. Interestingly, the
B-cell tropism coincided with a loss of the JFH-1 strain ability to infect liver cancer-derived,
hepatocyte-like Huh? cells, implying that a lymphotropic variant constituted a separate pop-
ulation of viral particles displaying unique E1E2 envelope specificity. These results also sup-
ported a notion that a receptor for HCV on B cells is distinct from that on hepatocytes.

The recent finding that a co-stimulatory receptor B7.2 (CD86) is involved in the infection of
human memory B cells by the abovementioned HCV SB strain [66] substantiated the involve-
ment of a hepatocyte-distinct receptor in HCV lymphotropism [87] (Table 1). The study
showed that the virus E1E2 envelope and 5-UTR sequences determine lymphotropism of
the SB strain and that silencing of the virus sensor retinoic acid-inducible gene I (RIGI) or
overexpression of micrcoRNA-122 permitted the persistence of viral replication in B cells.
Furthermore, the interaction of the SB virus E2 protein with the cell B7.2 protein reduced the
surface display of B7.2 on memory B cells and inhibited their function. Interestingly, it was
also found that memory B cells in HCV-infected patients expressed significantly lower levels
of surface B7.2 when compared to those in HCV-negative individuals, but they carried signifi-
cantly higher levels of HCV RNA than naive B cells derived from HCV-positive patients. This
comprehensive study provided important data on several aspects of HCV B-cell tropism and
its potential functional and pathological consequences.

By applying the HCV-human T-cell infection system established in our laboratory [35], it was
uncovered that CD5, a lymphocyte-specific 67-kDa glycoprotein belonging to the scavenger
receptor cysteine-rich family, is essential for the infection of human T cells by authentic, patient-
derived HCV [63] (Table 1). This work also demonstrated that CD81 likely contributes as a co-
receptor, since both anti-CD5 and anti-CD81 monoclonal antibodies inhibited HCV infection.
However, only CD5-positive T cells were susceptible to infection [63]. Thus, it appears that
while CD81 contributes to the broad recognition of cells by HCV, CD5 facilitates HCV tropism
toward T lymphocytes. In this context, primary human hepatocytes and hepatoma cell lines
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HCV HCV Immune Receptor Receptor properties Receptor Expected
genotype  cell molecule physiological consequences of
target function HCV-receptor
interaction
Authentic (wild- 1-4 T cell CD5 67-kDa glycoprotein,  Co-stimulatory =~ Unknown
type), patient cysteine-rich scavenger molecule
plasma-derived receptor superfamily =~ modulating
(Ref. [63]) positively or
negatively
intracellular
signaling
pathways
induced by the
antigen-specific
T and B cell
receptors
SB variant, B-cell 2b B cell B7.2 60-100-kDa Co-stimulatory ~ Reduction of B7.2
lymphoma- (CD86) glycoprotein, molecule on memory B cells
derived (Ref. immunoglobulin interacting and inhibition of
[87]) superfamily with CD28 for the cells function
T-cell activation ~ in HCV-positive
and CTLA4 for  patients
T-cell immune
regulation

Table 1. Receptor molecules mediating HCV entry and replication in human lymphocytes.

were found to express trace amounts of CD5 mRNA but not protein [63, 64], clearly indicat-
ing that HCV utilizes different receptors to enter different cell targets. This was confirmed in
a subsequent study that investigated the expression of hepatocyte HCV candidate receptors
on human T lymphocytes prone or resistant to HCV infection with authentic virus [64]. The
expression of SR-B1, occludin, CLDN-1 and -6, CD5, and CD81 was determined by real-time
polymerase chain reaction (RT-PCR), and their proteins quantified by immunoblotting in
T-cell lines found to be prone or resistant to HCV infection, PBMC, primary T cells and CD4"
and CD8" T-cell subsets, and compared to hepatoma-derived, well-differentiated Huh?7.5 and
HepG2 cells. SR-B1 protein was found in T and hepatoma cell lines but not on PBMC or
primary T lymphocytes, while CLDN-1 was detected only in HCV-resistant (when unstimu-
lated) PM1 cell line and hepatoma cell lines, and CLDN-6 was equally expressed across all
cells investigated. OCLN protein occurred in HCV-susceptible Molt-4 and Jurkat T cells and
in trace amounts in primary T cells, but not in PBMC. CD5 was expressed by HCV-prone
T-cell lines, primary T cells, and PBMC, but not by non-susceptible T and hepatoma cell
lines, while CD81 was detected in all cell types except HepG2. Furthermore, knocking down
OCLN in a virus-prone T-cell line inhibited HCV infection, while de novo infection down-
regulated both OCLN and CD81 and upregulated CD5 without modifying SR-B1 expression.
Overall, while no association between SR-B1, CLDN-1, or CLDN-6 and the susceptibility to
HCV was found, CD5 and CD81 expression coincided with virus lymphotropism and that
of OCLN with permissiveness of T-cell lines, but seemingly not primary T cells. This study
narrowed the range of candidate entry receptors utilized by HCV to infect T lymphocytes
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among those already uncovered using laboratory-grown HCV and Huh?7.5 cells and con-
firmed that authentic HCV utilizes different receptors to enter hepatocytes and lymphocytes.
The use of different receptors to infect multiple cell types is not uncommon among viruses.
For example, HIV-1 uses CD4 to infect T cells but predominantly CCRS5 to infect macrophages
[88, 89]. The measles virus utilizes SLAM to infect lymphocytes, macrophages, and DC, but also
infects SLAM-negative epithelial and endothelial cells [90, 91]. Also, EBV uses CD21 to infect
B cells and DC, but this virus also replicates in epithelial cells which do not transcribe CD21
[92, 93]. In summary, CD5 was the first identified cell surface receptor that governs human
cell permissiveness to HCV in a cell-type-specific manner. Since CD?5 is also expressed on a
minor subset of human pro-B lymphocytes [94], this molecule may potentially contribute to
HCV entry to these B cells. Taken together, the results from several studies imply that cell-
type-specific surface molecules, rather than a combination of molecules naturally displayed
on many diverse cell types, mediate HCV tropism toward lymphocytes.

6. Functional and pathological consequences of HCV
lymphotropism

The replication of HCV in immune cells, even at low levels, has a potential to affect their
function, proliferation kinetics, and yield pathological outcomes, similar to infections with
other lymphotropic viruses. Although the data remain overall sparse, there is a meaningful
progress in some aspects. In particular, the study of a lymphotropic HCV SB strain brought
the recognition of various specific mechanisms by which HCV may modify immune cell pro-
liferation and function [95]. Among others, it has been shown that the transient infection of
primary CD4' T cells and selected T-cell lines with the SB strain distorted the IFN-y/STAT-1/T-
bet signaling leading to the inhibition of IFN-y production [67, 96]. It was also reported that
infection with this strain suppressed the proliferation of primary CD4" T cells and their differ-
entiation toward the Th1 lineage, as well as inhibited Molt-4 T-cell proliferation while enhanc-
ing their CD95 (Fas)-mediated apoptosis [68]. A study from our group showed that naturally
occurring, patient-derived HCV inhibited the proliferation of primary CD4*, but not CD8* T
cells, without augmenting cell death [72]. Interestingly, the results also suggested that just
an exposure to authentic HCV in the absence of molecularly evident viral replication might
be sufficient to inhibit CD4" T-cell proliferation. It has also been shown that HCV core pro-
tein is capable of the transcriptional activation of the IL-2 promoter in T cells [97] and could
modulate T-cell responses by inducing spontaneous and T-cell receptor (TCR)-mediated
oscillations of calcium ions [98]. Others demonstrated that HCV core protein upregulated the
expression of anergy-related genes in Jurkat T cells stably expressing this protein, and this
coincided with the activation of nuclear factor of activated T cells (NFAT) and suppression of
the IL-2 promoter [99]. In addition, it was reported that the direct binding of HCV core pro-
tein to complement receptor, gC1qR, on CD4" and CD8' T cells upregulated the expression of
programmed death-1 (PD-1). This was accompanied by the dysregulation of T-cell activation,
proliferation, and apoptosis [100]. These alterations were restored by blocking the engage-
ment of the PD-1 and programmed death ligand-1 (PDL-1) pathway.
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Interesting findings have been recently reported regarding the effect of exposure of primary
human T cells to authentic, plasma-occurring HCV and to virus E2 protein or E2 encoding
RNA on the TCR-signaling pathways [101]. It is of note that TCR signaling is critical for the
normal functioning of CD4* and CD8" T cells, including their differentiation, activation, pro-
liferation, and effector functions. The study showed that HCV interferes with TCR signaling
and impairs T-cell activation via two distinct mechanisms. The first included intracellular pro-
cessing of virus E2 coding RNA into a shorter, 51 nucleotide-long RNA fragment, predicted to
be a dicer substrate. This virus-derived sequence targets a regulatory phosphatase involved
in Src kinase signaling (abbreviated as PTPRE), subsequently inhibiting TCR signaling. In the
second mechanism, the lymphocyte-specific Src kinase (Lck) phosphorylated HCV E2 pro-
tein, resulting in the inhibition of nuclear transportation of activated NFAT and in turn reduc-
ing TCR activation. It was concluded that HCV particles deliver viral RNA and E2 protein
to T cells and that the highly conserved motifs of both RNA and protein inhibit TCR signal-
ing, contributing to T-cell dysfunction and virus persistence. A second study from the same
group showed that PTPRE levels are significantly reduced in liver tissue and PBMC of HCV-
infected patients compared to those of uninfected controls [102]. It was demonstrated that
a deficiency in PTPRE expression impaired antigen-specific TCR signaling, while antiviral
therapy rescued the enzyme expression in PBMC and restored antigen-specific TCR signal-
ing. Overall, the data indicated that HCV infection of T cells hinders TCR signaling and that
short, regulatory HCV RNA sequences intracellularly derived from HCV genomic RNA are
crucial in this process. The data from our studies showing that the authentic, patient-derived
HCV can productively infect CD4" and CD8"* T cells both in vivo [15] and in vitro [34] provide
an indispensable link between HCV infection and the findings reported in the above studies.

The propensity of HCV to infect B cells is consistent with a significantly greater prevalence
of certain B-cell proliferative disorders, particularly B-cell NHL, in HCV-infected individuals.
Several lines of evidence support a link between HCV infection and B-cell NHL. These include
(1) a strong epidemiological association of B-cell NHL with persistent HCV infection [25], (2)
clinical data demonstrating that successful anti-HCV therapy often results in the remission of
B-cell NHL [27, 28], (3) experimental data showing that transgenic mice expressing the full-
length HCV genome specifically in B cells spontaneously develop B-cell NHL [103], and (4)
both in vivo and in vitro data indicating that B lymphocytes are susceptible to infection and
capable of supporting HCV replication [15, 18].

The mechanisms of lymphomagenesis associated with HCV infection were investigated
by several groups, and a few concepts have been proposed (reviewed in [17]). However, it
should be taken into consideration the fact that MC frequently precedes the development of
B-cell NHL in HCV-infected individuals, indicating that MC might be a transitional step in
the progression to lymphoma [104]. The proposed mechanisms of the pathogenesis of HCV-
associated of lymphoma (i.e., lymphomagenesis) can be divided into two main categories.
One includes the protracted stimulation of B cells by HCV antigens leading to pathologically
augmented proliferation of the cells; a process that may involve different intracellular mecha-
nisms. Another category relates to direct HCV infection and replication within B cells caus-
ing alterations in B-cell receptor (BCR) signaling or mutagenic changes in the cellular DNA
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leading to oncogenic transformation of the infected B cells. It should be noted that BCR sig-
naling is essential for the development and activation of normal B cells and is recognized as a
critical pathway in the pathogenesis of several B-cell malignancies [105]. The expected role of
HCV antigens in the stimulation of B cells is exemplified by the findings from the in vitro stud-
ies demonstrating that the engagement of CD81 on B cells by HCV E2 protein, which binds
with a high affinity to the large extracellular loop of CD8]1, resulted in cell activation without
BCR involvement [106]. This study also reported that the majority of HCV-infected patients
display circulating B cells with an activated phenotype that disappears following treatment
with HCV antivirals. Another relevant study showed that the exposure of CD14" cells to
recombinant HCV core protein augmented the production of IL-6 through Toll-like recep-
tor-2 pathway which coincided with an increased B-cell proliferation [107]. With regard to the
second category of the mechanisms, a recent study confirmed the expression of HCV proteins
in B cells from infected patients as well as in isolated B cells exposed in vitro to authentic
patient-derived HCV and established that these cells have upregulated BCR signaling [18].
The study demonstrated a hierarchy of molecular events in which the overexpression of HCV
nonstructural protein NS3/4a interferes with checkpoint kinase 2 (CHK2), which in turn phos-
phorylates Hu-antigen R (HuR) that regulates its target mRNAs that encode proteins of stress
response, cell proliferation, and tumorigenesis [108]. The BCR-signaling pathway was found
to be the top-ranked pathway showing an increased association with activated HuR and being
upregulated by NS3/4a overexpression. This study revealed an important biological role of
NS3/4a in the regulation of BCR signaling and advanced understanding of the molecular pro-
cesses underlying HCV-associated B-cell proliferation. In a study from another group, it has
also demonstrated that HCV NS3/4a protein also interacts with ATM (ataxia telangiectasia
mutated) and inhibits DNA repair in non-lymphoid cells [109]. It is known that the prior men-
tioned CHK?2 is the key downstream molecule of ATM and is a key sensor of DNA damage.
Therefore, it is possible that the augmented BCR signaling and enhanced mutagenesis may
cooperate in the induction of pro-oncogenic changes in HCV-infected B cells. In addition to
the studies acknowledged earlier, the mechanisms of HCV infection-associated lymphopro-
liferation and lymphomagenesis have been, and continue to be, the subjects of several other
studies (reviewed in [17, 110, 111]).

7. Conclusions

The authenticity of HCV lymphotropism is now evident, and sizable progress was made in
deciphering this event. The accumulated experimental, clinical, and, to some degree, epi-
demiological data indicate that HCV not only propagates in the liver but also within the
immune system, where the virus can modify the proliferation and function of affected cells
and induce lymphoproliferative disease. It also became apparent that immune cells constitute
a site of long-term persistence of HCV, where virus hides from immune surveillance and
elimination, similar to other lymphotropic viruses. Accumulated evidence indicates that HCV
replication in immune cells is a constant feature of both symptomatic and occult infections,
although the degree to which individual immune cell types support infection significantly
varies between patients. Despite recent progress, there remains a substantial void in the data
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on several fundamental aspects of HCV lymphotropism and the biological effects of lym-
photropic variants. In addition, the range of immunological and pathological implications of
HCV lymphotropism, in particular, the contribution to aiding virus persistence and protrac-
tion of liver disease, and the mechanisms of virus-triggered lymphoproliferation, required
further studies. The progress achieved to date provides strong justification for the need to
intensify research in this field.
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Abstract

Hepatocellular carcinoma (HCC) is a major health problem worldwide. The DNA PM of
cancer-related genes plays an important role in the development and progression of HCC.
The data reported in our studies provide evidence that PM of p73, p14, and O6-MGMT is
associated with HCC, whereas PM of the APC gene is more common in chronic hepatitis
(CH) cases. Thus, it could be used as a maker for early detection of HCV-induced chronic
active hepatitis. A panel of four genes APC, p73, pl4, and O6-MGMT independently
affected the classification of cases into HCC and CH with accuracy (89.9%), sensitivity
(83.9%), and specificity (94.7%). Also, the detection of PM of APC, FHIT, p15, p16, and
E-cadherin in peripheral blood of HCV-infected patients is a highly sensitive and specific.
Therefore, blood could be used as efficiently as tissue biopsies to assess PM of different
genes. This could help in the follow-up of CH patients and early detection of HCC. We did
not observe a significant difference in the methylation status according to the virus type
HBV versus HCV. So, plasma DNA is a reliable resource for methylation studies in the

future, irrespective of the type of hepatitis infection.

Keywords: hepatitis C virus-genotype 4, chronic hepatitis, hepatocellular carcinoma,

promoter methylation

1. Introduction

Hepatocellular carcinoma (HCC) is a major health problem and it is the third most com-
mon cause of cancer-related death worldwide [1]. In Egypt HCC ranks the first in males
and the second in females after breast cancer. It accounted for 33.6% in males and 13.5%
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in females [2]. This high incidence of HCC is attributed to the high prevalence of HCV
infection, especially genotype 4 in Egypt [3]. HCV infection has an estimated global prev-
alence of 2.5%, causing chronic liver disease in about 170 million people worldwide [4].
Although it has been estimated that 80% of HCC occurs in cirrhotic livers, the underlying
molecular mechanisms of virus associated hepatocarcinogenesis are still unclear [5]. It has
been suggested that HCV-encoded proteins may contribute to tumor progression through
their direct and indirect interactions with host hepatic cells. Additionally, the generated
status of chronic HCV inflammation is accompanied by immune-mediated destruction of
infected hepatocytes, oxidative stress, virus-induced apoptosis and DNA damage leading
to genomic instability and continuous regeneration that may be incorporated in liver cancer
development [6].

Previous studies demonstrated that DNA methylation has a major role in the initiation and
progression of various types of human cancers [7, 8]. Aberrant promoter methylation of
tumor suppressor genes (TSGs), such as P14 or O6-methylguanine-DNA methyltransferase
(O6MGMT) has been reported in relation to HCC development [9].

The term DNA methylation refers to the addition of a methyl group to the cytosine residue
in the CpG islands. Normally, CpG islands are not methylated regardless of their transcrip-
tional status, and methylation of the promoter regions of tumor suppressor genes (TSGs)
or growth regulatory genes resulted in silencing of those genes, and cancer development.
Since it was proven that different types of cancer showed distinct DNA methylation pro-
files, thus it could be possible to develop specific methylation signatures for those types of
cancer [10].

The power of PM as a molecular marker is the ability of detecting its presence in a variety
of sample types including fresh specimens, body fluids and archival paraffin-embedded tis-
sues, as well as to the defined localization of the lesion in the CpG islands of the genes.
Promoter methylation could be an important early event in the cascade of carcinogenesis and
it can also be of important as prognostic and predictive marker [11]. The DNA methylation
profiles in HCV-infected patients from Egypt have not been well studied yet, although it has
the highest prevalence of HCV infection worldwide with approximately 14% of the popula-
tion infected [12].

2. Concordance between tissue and plasma DNA methylation in
HCC patients

Owing to the crucial effects of DNA promotor methylation in the development and pro-
gression of HCC, we investigated the role of DNA methylation events in the tissues of HCC
patients for using five tumor suppressor genes: APC, FHIT, p15, p16, and E-cadherin. We also
assessed the DNA methylation patterns of these genes in the plasma from the same patients
and compared the tissue and plasma patterns [13]. This was done to investigate the concor-
dance between tissue and plasma methylation patterns in Egyptian patients with HCV and/
or HBV- associated HCC. Although liver biopsy is the current gold standard for detecting
methylation events, imaging techniques are usually sufficient for liver cancer diagnosis and



The Molecular Background Associated with the Progression of Hepatitis C to Hepatocellular... 69
http://dx.doi.org/10.5772/intechopen.76763

sample No.

APC FHIT P15 P16 E-cad
P TP TPTPTP T

L]

S

5
7
11
12
13
22
24
26
33
36
37
40
44
46
47
56
62
63
64
65
67
69
70
72
73
79
84

Figure 1. Summary of methylation analysis of APC, FHIT, p15, pl6, and E-cadherin in 28 HCC samples and the
corresponding plasma. Filled boxes indicate the presence of methylation and open boxes indicate the absence of
methylation. T, tumor tissue; P, plasma.

therefore the need of tissue biopsy decreased markedly [14]. So it was essential to search for
another tool for detection of promotor methylation in HCC by a simpler, easy and reliable
technique.
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Genes Sensitivity (%) Specificity (%) PPV (%) NPV (%) p-Value
APC 77.8 90.0 93.3 69.2 0.001
FHIT 85.7 85.7 90.5 66.7 0.001"
pl5 50.0 95.8 66.7 92.0 0.045
plé 60.0 87.5 92.3 46.7 0.037°
E-cadherin 68.4 100.0 100.0 60.0 0.0008"

PPV, positive predictive value; NPV, negative predictive value. The concordance was significant for all five genes.

Table 1. The concordance between plasma DNA and tissue DNA.

We collected paired blood and tissue samples from 28 HCV and/or HBV- associated HCC
patients from Egypt. DNA was extracted from those patients (tissue and blood) and the pro-
motor methylation for APC, FHIT, p15, p16, and E-cadherin tumor suppressor genes were
assessed using the EZ DNA Methylation-Direct TM Kit according to manufacturer’s protocol.

We reported a statistically significant concordance between plasma and tissue methylation
profiles [13]. The frequency of promoter methylation in tissue and plasma samples for the
five tumor suppressor genes was as follows: APC promoter methylation was accounted for
approximately 64.2% for tissue (18/28), and 53.5% for plasma (15/28), FHIT promoter meth-
ylation was accounted for 75.0% for tissue (21/28), and 67.8% for plasma (19/28), p15 pro-
moter methylation was accounted for 14.2% for tissue (4/28), and 10.7% for plasma (3/28), p16
promoter methylation was accounted for approximately 71.4% for tissue (20/28) and 46.4%
for plasma (13/28), and E-cadherin promoter methylation was accounted for 67.8% for tissue
(19/28) and 46.4% for plasma (13/28) (Figure 1).

Although detection of promoter methylation in the plasma DNA was highly specific, it was not
as sensitive for the matching change in tissue DNA, suggesting that DNA promotor methyl-
ation in tissues might originate in tumor cells before appearing in the vascular spaces (blood
or plasma). The positive predictive value (PPV) was higher than the negative predictive value
(NPV) for APC, FHIT, p16, and E-cadherin whereas, the negative predictive value was higher for
p15 (Table 1). Therefore, a previous study by Huang et al., [15] concluded that it may be useful
to combine the plasma DNA methylation status of ELF, RASSF1A, p16, and GSTP1 with serum
AFP for HCC screening and several studies had confirmed these data [16, 17]. However contro-
versial results were reported by Chang et al. [18] who found no agreement between plasma and
tissue DNA samples. One possible explanation for the controversy in the results between the pre-
viously mentioned studies could be the small sample size in the study of Chang et al. (eight HCC
patients only) and/or the use of RT-PCR which causes DNA degradation during amplification.

3. Methylation profile and viral status

Another interesting finding observed is that, there was no significant correlation between
HBV or HCV infection and the incidence of promoter methylation, to suggest whether the
viral status could be used to predict methylation and subsequent gene silencing for the five
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HBV HCV HBYV infection type
APC 0.107 0.634 0.508
FHIT 0.545 1 0.508
pl5 0.481 1 0.288
plé 0.295 0.639 1
E-cadherin 0.273 0.629 0.66

The methylation profile was not significantly associated with the HBV, HCV, or "HBV Infection type: past infection or
immune.

Table 2. Statistical association of hepatitis viral status and promoter methylation.

aforementioned tumor suppressor genes [13]. Therefore, plasma DNA could be used as a
reliable source for methylation detection in HCC patients irrespective of the type of hepatitis
viral infection (Table 2).

4. Increasing DNA promoter methylation is associated with disease
progression from chronic hepatitis C to cirrhosis and hepatocellular
carcinoma

As a continuation of our previous studies, which showed a concordance between tissue and
plasma DNA methylation, and hence the validity of using plasma DNA methylation profile as a
marker for HCC [13], we had assessed the methylation frequency of three tumor suppressor genes
(P14, P15, P73) and a mismatch repair gene (O6MGMT) in the plasma of 516 Egyptian patients
with HCV-related liver disease, during the period from 2010 to 2012, to identify candidate epi-
genetic biomarkers for prediction of HCC [19]. Subjects were divided into 4 clinically well-defined
groups as follow: the HCC group (n = 208), liver cirrhosis group (LC; n = 108), chronic hepatitis C
group (CH; n=100), and normal control group (NC; n=100). The methylation status of the target
genes was analyzed in patients’ plasma using EpiTect Methyl qPCR Array technology. According
to the manufacturer’s instructions, the four studied genes (P14, P15, P73 and O6MGMT) were
considered methylated if >10% and intermediately methylated if >60%.

We found significant differences in the frequency of PM of all studied genes within the dif-
ferent stages of chronic liver disease and HCC (Table 3 and Figure 2). The methylation fre-
quency of P14 gene was 48.1% (100/208) in HCC, 48.1% (52/108) in LC, 16% (16/100) in CH and
8% (8/100) in NC. Out of the studied patients 32/208 (15.4%), 16/108 (14.8%) and 8/100 (8%)
were intermediately methylated in HCC, LC and chronic hepatitis C groups respectively,
with a statistically significant difference between the studied groups (p = 0.008). Accordingly,
p14 is preferentially methylated in HCV related HCC [20].

As for p15, the methylation frequency was 44.2% (92/208) in HCC, 33.3% (36/108) in LC, 20%
(20/100) in CH and 4% (4/100) in NC. While intermediate methylation was found in 32/208
(15.4%) of HCC, 20/108 (18.5%) in LC, in 8/100 (8%) CH and 4/100 (4%) in NC with a statisti-
cally significant difference between the studied groups (p = 0.006).
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Gene HCC HCV with liver cirthosis ~ Chronic Hepatitis C  Control p value
n =208(%) n =108(%) n =100(%) n =100(%)
P14 M 100 (48.1) 52 (48.1) 16 (16) 8(8) 0.008
U 108 (51.9) 56 (51.9) 84 (84) 92 (92)
P15 M 92 (44.2) 36 (33.3) 20 (20) 4(4) 0.006
U 116 (55.8) 72 (66.7) 80 (80) 96 (96)
O6MGMT M 84 (40.4) 60 (55.6) 20 (20) 4(4) <0.001
U 124 (59.6) 48 (44.4) 80 (80) 96 (96)
P73 M 136 (65.4) 72 (66.7) 32(32) 4(4) <0.001
U 72 (34.6) 36 (33.3) 68 (68) 96 (96)
Methylated (M); Unmethylated (U).
Table 3. Methylation frequency of P14, P15, O6MGMT and P73 genes in different studied groups.
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Figure 2. Methylation frequency of (A) P14 gene; (B) P15 gene; (C) O6MGMT gene; and (D) P73 gene in the studied groups.

The methylation frequency of O6MGMT gene was 40.4% (84/208) in HCC, 55.6% (60/108) in
LC, 20% (20/100) in CH and 4% (4/100) in NC. While intermediately methylated in 48/208
(23.1%) in HCC and 36/108 (33.3%) in LC, with a statistically significant difference between
the studied groups (p value<0.001).
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The methylation frequency of P73 gene was detected in 65.4% (136/208) in HCC, 66.7%
(72/108) in LC, 32% (32/100) in CH and 4% (4/100) in NC. While intermediate methylation
was found in 88/208 (42.3%) in HCC, 56/108 (51.9%) in LC, 24/100 (24%) in CH and 4/100 (4%)
in NC, with a statistically significant difference between the studied groups (p value<0.001).
Statistically significant differences were reported among the four studied groups regarding
the PM of all studied genes (Table 4).

Thus, it could be concluded that, the methylation frequency increases with the progression of
liver disease and thus it that could be used to monitor whether a patient with chronic hepatitis
C s likely to progress to liver cirrhosis or even HCC or not. Moreover, the process of PM does
not represent an early event in hepatocarcinogenesis cascade but it increases and continues
with disease progression to cancer.

Based on our data regarding the high methylation frequency of APC, FHIT, CDH1 and p16
in the plasma and tissues of HBV and HCV-associated HCC patients from Egypt [13] we
sought to confirm this data in a larger cohort of HCV-genotype-4 infected patients using a
larger panel of 11 genes (p14, p15, p16, p73, APC, FHIT, DAPK1, CDH1, RARb, RASSF1A, and
O6MGMT). The newly tested group included (1) asymptomatic carriers, (2) CH patients with
cirrhosis and (3) HCC. PM of the 11 genes were assessed in the Peripheral Blood Lymphocytes
(PBLs) and the tissues of 31 HCC with their adjacent normal tissue (ANT), 38 CH and 13
normal hepatic tissue (NHT); which represents the progression from NHT to HCC in the
HCV genotype 4-infected persons [21]. Promotor methylation of these genes was assessed
by methylation-specific PCR (MSP). APC and O6-MGMT protein expression was assessed by
immunohistochemistry (IHC) in the studied HCC and CH tissue samples.

HCC Cirrhosis Chronic hepatitis C Control

P14 HCC 0.954° 0.035° 0.004¢
Cirrhosis 0.050¢ 0.004¢
Chronic C 0.546f
Control

P15 HCC 0.409 0.090° <0.001¢
Cirrhosis 0.554¢ 0.024¢
Chronic C 0.223
Control

MGMT HCC 0.328° 0.016° 0.003¢
Cirrhosis 0.002¢ <0.001¢
Chronic C 0.189¢
Control

TP73 HCC 0.858° 0.037° <0.001¢
Cirrhosis 0.058¢ <0.001¢
Chronic C 0.026f
Control

Table 4. Pairwise comparison among the studied groups.
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5. Analysis of DNA methylation events of the 11 tested genes among
the studied groups

A high methylation frequency was reported for all studied genes (except for p15) in the PBL
and tissues with increasing methylation index as the disease progresses (Figure 3). The PM of
the 11 tested genes assessed in 13 NHT samples showed no methylation events in p15, p73,
RARD, RASS, F1A or O6MGMT. However p14 PM was estimated in 46.2% of the cases fol-
lowed by APC which was methylated in 30.8% of the cases. There was a significant difference
in MF between NHT and CH groups regarding APC, FHIT, DAPK and RASSF genes. Also
MF of p14, p73, RASSF1A, CDH1 and O6MGMT was significantly higher in HCC and their
ANT. However MF of APC was higher in CH (Figure 4 and Table 5). Among the four groups
enrolled (HCC, CH, ASC, NHT) binary logistic regression in PROC LOGISTIC for each gene
was used. Our results indicate that there is a significant interaction between disease state (dif-
ferent groups) and DNA methylation of the tested genes (Figure 5a-k). As shown in Figure 6,
there is a significant group effect for APC (ASC group is different from HCC Group, p = 0.0006).
This interaction is explained by the fact that there is a bigger difference between methylation
and un-methylation for the CH group compared to any other group, especially the NHT. For
DAPK1 (Figure 5g), there is a marginal group effect, not significant by our corrected level of

FHIT

DAR-Kinas

RASSF1A
P16

Figure 3. Methylation-specific PCR analyses of nine representative HCC samples (labeled 1-9 on the top). Each gene is
indicated on the right. Both methylated (M) and unmethylated (U) reactions were amplified for each bisulfite-treated
DNA and run in a 4% agarose gel.
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P =0.004 (NHT is significantly different from HCC P = 0.007) and RARb (Figure 5h) (NHT is
different from-HCC Group P =0.007). In contrast, there were significant methylation effects for
APC p <0.0001), FHIT (P < 0.0001), p15, (P =0.003), p14 (P <0.0001), DAPK1 (P < 0.0001), RARb
(P <0.0001) and E-cadherin (P <0.0001).
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Figure 4. (A) Methylation of 11 genes in hepatocellular carcinoma patients; (B) Methylation of 11 genes in patients with
chronic liver diseases; (C) Methylation of 11 genes in normal liver individuals. Dark squares depict methylation and
blank squares depict unmethylation.

Genes Normalliver ~ Chronic hepatitis (CH) Hepatocellular p-Value*
N =13 (%) carcinoma HCC
(Tissue) (38) (PBL) (20) (HCC) (31) (ANT)(31) (CHand (CH and
(%) (%) (%) (%) HCC) ANT)
APC 4(30.8) 33 (86.8) 16 (80) 13 (41.9) 14 (45.2) <0.001 <0.001
FHIT 2(15.4) 20 (52.6) 6 (30) 21 (67.7) 20 (64.5) 0.204 0.005
P15 0(0) 0(0) 0(0) 5(16.1) 5(16.1) 0.010 #
P73 0 (0) 8(21.1) 1(5.0) 26 (83.9) 23 (74.2) <0.001 <0.001
P14 6 (46.2) 17 (44.7) 10 (50) 28(90.3) 28 (90.3) <0.001 <0.001
P16 3(23.1) 15 (39.5) 9 (45) 14 (45.2) 19 (61.3) 0.634 0.390
DAPK 3(23.1) 22 (57.9) 12 (60) 21 (67.7) 22 (71) 0.401 0.023
RARb 0(0) 0 (00) 0 (0) 5(16.1) 39.7) 0.015 :
RASSF 0(0) 26 (68.4) 20 (100) 31 (100) 31 (100) 0.001 <0.001
0606-MGMT 0 (0) 10 (26.3) 10 (50.0) 21 (67.7) 20 (64.5) <0.001 <0.001
CDH1 3(23.1) 7 (18.4) 8 (40.0) 17 (54.8) 14 (45.2) 0.002 0.004

*p-Values <0.05 are considered significant. “’Numbers are too small for a valid statistical analysis.

Table 5. Methylation profile of the 11 genes in CH, HCC and normal liver tissues.
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Figure 5. Differences in the methylation frequency among the four studied groups. (T = HCC, C = CAH with cirrhosis,
A = asymptomatic carrier and B = normal hepatic tissue).

Our data regarding the p15 gene confirms our previous study in which p15 methylation was
reported in 14.2% only of HCC cases [13, 19]. Within the studied groups, the methylation
frequency of p14, p73, RASSF1A and O6MGMT was significantly higher in HCC and their
ANT compared to CH and the NHT samples, whereas PM of APC was significantly higher
in CH patients compared to all other groups. This was applied to PBL and tissues except for
RASSF1A and O6MGMT in which the difference in the MF in PBL was statistically insignifi-
cant (Figure 7).

RASSFI1A is a candidate TSG, which frequently shows PM and loss of heterozygosity (LOH)
with consequent gene silencing in several human cancers [22]. The high MF reported here
confirms the results of some recent studies including those of Qu and Lia [23, 24] who found
PM of RASSF1A gene in 78 and 95% of HCC cases assessed. In our study, RASSF1A meth-
ylation was detected in all HCC cases and in 68.4% of CH cases (being second only to APC).
This finding is consistent with Aratjo and Gioia et al. [25, 26] who reported an increase in
RASSF1A PM with progression from regenerative conditions (e.g. cirrhosis) to hepatocellu-
lar nodules and HCC, as well as with Huang et al. [15] and Chan et al. [27] who reported
RASSF1A methylation in the blood and tissues of HCC patients. Our results also showed an
increasing frequency of p16 PM from NHT to HCC which is in agreement with the earlier
studies [28, 29].
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6. Genes methylation could be used as a biomarker for diagnosis of
HCC and CH

The Coordination of methylation at the 11 tested genes was analyzed in our study using the
Mann-Whitney U test through comparing the status of each gene (M or U) with the MI cal-
culated with the remaining genes (Table 6). The combined effect of the studied methylated
genes as biomarkers for diagnosis of HCC and CH has been determined (assessed) using the
stepwise logistic regression, and accordingly only APC, p73, p14 and O6MGMT indepen-
dently affected the classification of cases into HCC and/or CH (Table 7). Together, these four

genes (combined) give an accuracy of 89.9%, sensitivity 83.9% and specificity 94.7%.
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Factor Concordance, n=31 (n (%)) Kappa* p-Value*
APC 28 (90.3) 0.803 <0.001
FHIT 24 (77.4) 0.497 0.006
P15 31 (100.0) 1.000 <0.001
P73 18 (58.1) -0.248 0.150
P14 31 (100.0) 1.000 <0.001
P16 24 (77 4) 0.558 0.001
DAPK 22 (71.0) 0.318 0.076
RARb 27 (87.1) 0.431 0.012
RASSF 31 (100.0) - -
0606-MGMT 26 (83.9) 0.640 <0.001
CDHI 22 (71.0) 0.425 0.016

— Numbers are too small for a valid statistical analysis."Kappa measure of agreement.

"p-Values<0.05 are considered significant.

Table 6. Summary of methylation specific PCR results and concordance tests of each locus in HCC samples.

Parameter Regression estimate P value Odds ratio 95% CI for OR
APC -3.606 0.003 0.027 0.003 0.287

p73 3.671 0.001 39.302 4.752 325.017
P14 3.638 0.009 38.014 2.492 579.829
06-MGMT 2.589 0.014 13.311 1.685 105.132

Table 7. Stepwise logistic regression for HCC.

Within the identified genes panel which independently affected the classification of cases into
HCC and CH in this study, p14 only showed a high MF in HCC cases. Our data in this context
confirmed those of Anzola et al. [30] and Yang et al. [20] who reported that p14 PM is an impor-
tant factor contributing for the development of HCV-induced HCC. The fact that we were able
to detect p14-PM in NHT and CH with almost the same frequency, suggests that it might be an
early event in the cascade of HCV-induced HCC. On contrary, we could not find the same pro-
file for p16PM suggesting that p14 and p16 are may be regulated by different promoters [31].

Similar to p14, O6MGMT plays an important role in cytoprotection by preventing DNA dam-
age and triggering DNA repair mechanisms [32]. Our results showed a significant increase
in the frequency of O6MGMT PM from CH (26%) to HCC (67.7%) providing an evidence
that this gene could be used to differentiate between CH and HCC. We have also reported
that O6MGMT PM is significantly higher in non-responder to antiviral therapy, and conse-
quently O6MGMT could be used as a predictor for antiviral response [33]. Literature reviews
shows different frequencies of O6MGMT PM in HCC ranging from 0% to 22-39% [34, 35].
This variability in the results among different studies could be attributed to several factors
including the sensitivity and type of PCR, the primer sequences used, the site of CpG islands,
the geographical and the underlying etiological factors that promoting HCC development
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Figure 8. (A) Normal hepatic tissue sample showing positive cytoplasmic immunostaining for APC (200x). (B) A case
of HCV induced chronic hepatitis showing mild focal cytoplasmic immunostaining for APC (100x). (C) A case of HCV
induced chronic hepatitis with cirrhosis negative for APC (100x). D: A case of HCV-associated HCC negative for APC
(100%). (E) A case of HCV-associated HCC with positive cytoplasmic immunostaining for APC (40x). (F) Normal hepatic
tissue negative for MGMT (100x). (G) A case of HCV-induced chronic hepatitis with cirrhosis negative for MGMT (100x).
(H) A case of HCV-induced chronic hepatitis with cirrhosis positive for MGMT immunostaining (100x). (I) A case of
HCV-induced HCC with marked cytoplasmic immunostaining for MGMT (200x). (J) A case of HCV-induced HCC
showing faint cytoplasmic immunostaining for MGMT (200x).

[24, 35]. And finally, p73 PM was reported in 83.9% of the HCC cases assessed in our study
compared to 21.1% in CH and none in the NHT samples. Thus p73 PM could be used to dif-
ferentiate between CH and HCC cases even in patient’s blood [32].

A significant difference in the MFs of APC and CDH1 were found between CH and HCC cases.
APC was more frequent in the CH and CDH1 in HCC. APC and CDH1 PM was reported by
Yang et al. [20] who demonstrated that PM of APC and CDH1 are more frequent in HBV and
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HCV-positive HCC than in HBV and HCV negative ones. Nomoto et al. [34] founded APC
PM in 88.2% of the NHT and 21.6% in CH with cirrhosis compared to 82.4% in HCC. They
explained that APC loss in cirrhotic and inflammatory cases could be occurred due to the
presence of inflammatory cells and fibroblasts. However in contrast, we reported a high APC
MEF in the blood and tissues of CH patients. This contradictory between our results and those
of Nomoto et al. could be attributed to (a) their smaller sample size (19 cases only); (b) the
samples of CH and cirrhosis were obtained from HCC cases in their study or (c) a possibly
different underlying etiology as viral infection was not mentioned in their study.

7. Concordance between PM and protein expression of APC and
O6MGMT

We assessed the protein expression of APC and O6MGMT in 20 NHT samples, 20 HCC and
20 CH tissues as well as in another group of samples including 40 NHT, 52 CH and 107 HCC
tissue samples for confirmation of the methylation results [21]. In the original set, cytoplasmic
immunostaining for the APC was detected in 11 cases of NHT (55%), with loss of staining
in 10 CH cases (50%), and 15 cases of HCC group (75%). As for the confirmatory set, cyto-
plasmic immunostaining for the APC was present in 50% of NHT (20 cases), with loss of
staining in 57.7% of CH (30 cases), and 72% of HCCs (77 patients). Nuclear immunostaining
for O6MGMT protein was detected in 13 patients with NHT (65%), with loss of expression
in 11 patients with CH (55%) and 16 patients with HCCs (80%), from the original set. In the
confirmatory set O6MGMT protein was lost in 26 patients with CH accounting for 50%, and
70 patients with HCC accounting for 65.4% (Figure 8).

8. Conclusion

We conclude that DNA PM of multiple cancer-related genes plays an important role in the
development and progression of HCC and therefore, it could be detected in different stages of
disease progression from hepatitis to HCC. The data reported in our study provide evidence
that PM of p73, p14, O6- MGMT is associated with HCC whereas PM of the APC gene is more
common in CH cases compared to other groups. Therefore, APC PM could be used as a maker
for early detection of HCV-induced chronic active hepatitis patients.

Moreover, a panel of four genes (APC, p73, p14, O6-MGMT) independently affected the classifi-
cation of cases into HCC and CH with high accuracy (89.9%), sensitivity (83.9%) and specificity
(94.7%). In addition, detection of PM of certain genes (APC, FHIT, p15, p16, and E-cadherin) in the
PBL of HCV-infected patients is a highly sensitive and specific, noninvasive way (technique)
and therefore, blood could be used, as efficiently as tissue biopsies, to assess PM of different
genes. This could help in the follow-up of chronic hepatitis patients and possibly for early detec-
tion of HCC. We did not observe a significant difference in the methylation status according to
the virus type (HBV versus HCV infection). Therefore, plasma DNA could be used as a reliable
resource for methylation studies in the future, irrespective of the type of hepatitis infection.
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Abstract

Hepatocellular carcinoma (HCC) is a multistep heterogeneous disease as it is related to the
risk factors such as HBV and HCV infections, including uncontrolled hepatocyte prolifera-
tion, invasion of the neighboring tissue and metastasize to distant tissues. There are sev-
eral factors affecting the course of HCC among the patients such as oncogenes and tumor
suppressor genes. Recently, molecular mechanisms have cleared some of the underlying
mechanisms of carcinogenesis, especially the microRNAs, the upstream regulators of a
large number of critical genes. Mature miRNAs found to be mounted into RISC, which
helps in recognizing the complementary binding sites in the 3’ untranslated regions of tar-
get genes. That binding causes the degradation of/or inhibition of translation of mRNAs.
miRNAs have been reported to be deregulated in human cancers demonstrating their dou-
ble-edged role as a tumor suppressor and as an oncogene. miRNA deregulation is involved
in modulating signal pathways of cellular transformation of a normal cell into a cancer cell.
miRNAs have been reported to be associated with the processes of carcinogenesis includ-
ing inflammation, cell-cycle, differentiation, apoptosis, and metastasis. miRNAs have been
considered as potential biomarkers in HCC as their development has been attributed to the
deregulation of many genes owing to abnormal expression of miRNAs. Herein, the current
chapter will focus on studying the regulation of miRNAs in HCC-related HCV patients.

Keywords: miRNA, HCC, HCV, UTR, fibrosis progression

1. Introduction

MicroRNA (miRNA) has been proven as key regulator homeostasis for multiple biological
systems, besides modulation of the disease pathology of many cancers. Experimental target
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miRNA biogenesis as key regulators using small molecules or other interferences sheds light
on its crucial role in regulating posttranscriptional gene expression. Further studies reported
the variability of their loci, the genetic organization, and their tissue specificity, besides con-
trolling the translation of target protein and transcriptome in response to physiologic envi-
ronmental cues, along with their vulnerability to become designated in diseases like cancer
and fibrosis, including that related to infection viruses like HCV. Many pathways analysis
of targeted genes performed using infection-associated miRNAs showed that the pathways
related to signal transduction activation, DNA damage, and cell death were clearly observed
in HBV-infected liver, while proteasome, lipid metabolism activation, immune response,
and antigen presentation were predominantly in HCV-infected liver. These differences are
associated with miRNAs’ level in the infected liver and it was confirmed in cell line like
Huh?7.5 cells in which infectious HBV or HCV clones can be replicated, which proved that
miRNAs act as key mediators of HCV and HBYV infection and liver disease progression as
well; therefore, miRNAs can act as liable therapeutic target molecules in the field of transla-
tional medicine.

2. Tissue-specific expression and variation level of miRNAs

MicroRNAs are a class of small, endogenous, conserved, non-coding RNAs with a length of
20-24 ribonucleotide RNA sequence that is biosynthesized through transcription of miRNA
genes into primary transcripts (pri-miRNA), which are processed by the drosha, generat-
ing a precursor of a length of 70 nucleotides (pre-miRNA) with a hairpin-like structure. A
remarkable mechanistic difference in canonical against noncanonical miRNAs is that canon-
ical is drosha-dependent intronic miRNAs and so treated co-transcriptionally in the nucleus
with protein-coding transcripts. Pre-miRNA is then processed by dicer in the cytoplasm
generating mature miRNA duplexes. Mature miRNAs are then mounted into RISC (an
miRNA-induced silencing complex) which helps in recognizing the complementary bind-
ing sites in the 3'UTR of target genes. Noncanonical intronic, ones called mirtrons, originate
from small introns that are similar to pre-miRNAs and can detour the drosha-processing
step [1, 2]. Noncanonical pathway affects common cellular response pathways like prolifera-
tion and apoptosis by targeting various mRNA transcripts [1]. miRNA binding causes the
degradation of, or inhibition of, translation of mRNAs. miRNAs have been reported to be
deregulated in human cancers demonstrating their double-edged role as a tumor suppressor
and as an oncogene that offers miR clusters as complex and adaptive regulatory controllers
for disease progression. Comparative research assessing the organizational structure for the
mammalian genome has noticed enrichment in one of the following: copy number varia-
tion, chromosomal deletion or insertion, and single nucleotide polymorphisms (SNPs) that
subsidize phenotypic diversity. This diversity is obvious in all aspects of human health and
investigated diseases. No wonder there is a mounting gratitude to the variation in miRNAs
and their target genes in phenotypic variability. Numerous solid malignancies that included
hepatocellular carcinoma (HCC) proved to be correlated with miRNAs located at deleted,
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amplified, or translocated chromosomal regions [3]. Variation in gene expression or regu-
lation affected by expression of the quantitative trait loci is caused due to genetic variants
in either cis- or trans-acting SNPs [4]. A remarkable criterion of miRNA binding is their
capability to distinguish binding site polymorphism (miRSNPs) in transcribed functional
genes, as in the case of miR 214-5p that appears to be dysregulated in HCC [2] and miR-
24 in the case of colorectal tumor by the targeting site of polymorphism in the dihydrofolate
reductase gene [5]. This binding causes inhibition of translation for its transcripts and can
phenocopy the phenotypic character of such a disease with genetic knockouts of the respon-
sible gene [5].

Screening miRNA genetic variation and differential expression level across the human pop-
ulation in healthy and disease patients provides more insights on variable causes of disease
progression and susceptibility in addition to physical functionalities [4]. Comparative genomic
studies showed that the untranslated regions (UTRs) within the mRNA sequence act as a target
sequence even for nRNA-UTR-displaying variants; during miRNA-mRNA adaptive coevolu-
tion, the co-expressed miRNA selects its cognate UTR mRNA, which depends on whether the
dysregulation of protein output will be harmful, beneficial or inconsequential for the desired
effect [6].

Evaluating reports on tissue-specific differential expression of miRNAs showed the cross-
regulation feature of miRNAs and its correlation to stability of phenotype differentiation
[7], as an example, regulation of neurite outgrowth, dendritic spine size, and neural dif-
ferentiation that is regulated by overexpression of miR219, miR134, miR128, miR24, miR?7,
and others [7]. In the same strategy, miR499, miR486, miR208, miR206, miR133, and miR1
proved to control skeletal muscle growth, maintenance and differentiation [8], while
miR133 proved to inhibit osteogenic cell-linage differentiation through controlling Runx2
that is required for bone development, differentiation, and formation. Not only the previ-
ously mentioned roles but miRNAs can also exert specialized functions as in case of hypo-
thalamus; fine-tuning expression of oxytocin; and Fos controlled by hyper-expression of
both miR24 and miR7 and hence they control lactation and parturition through controlling
water in the body [9].

MicroRNA (miRNA) has been proven as key regulator homeostasis for multiple biological
systems, besides modulation of the disease pathology of many cancers. Experimental target
miRNA biogenesis key regulators using small molecules or other interferences sheds light
on its crucial role in regulating posttranscriptional gene expression. Further studies reported
the variability of their loci, the genetic organization, and their tissue specificity [10], besides
controlling the translation of target protein and transcriptome in response to physiologic
environmental cues, along with their vulnerability to become designated in diseases like can-
cer and fibrosis, including that related to infection viruses like HCV. Many pathways analysis
of targeted genes performed using infection-associated miRNAs showed that the pathways
related to signal transduction activation, DNA damage, and cell death are clearly observed
in HBV-infected liver, while proteasome, lipid metabolism activation, immune response, and
antigen presentation were predominantly in HCV-infected liver [2, 3]. These differences are
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associated with miRNAs’ level in the infected liver and it was confirmed in cell line like
Huh?.5 cells in which infectious HBV or HCV clones can be replicated, which proved that
miRNAs act as key mediators of HCV and HBV infection and liver disease progression as
well; therefore, miRNA can act as liable therapeutic target molecules in the field of transla-
tional medicine [11].

Since miRNA discovery as a liable promising class of small non-coding RNAs able to regulate
protein translation and stability of mRNA, miRNAs have been implicated as key regulators in
many diseases like cancer and autoimmune disease. So there is great effort to leverage knowl-
edge of the miRNA regulatory system to these diseases, especially cancer [12].

3. MicroRNAs and disease susceptibility

Development in the pathobiology of miR Nas sheds light on its crucial character in transcrip-
tome modulation which can reflect cancer state in addition to its application in attenuating
possible risks that may be raised during cancer progression [13]. Currently, there is no doubt
that down-regulating epithelial markers causes disruption in epithelial mesenchymal that is
directly associated with differentiation of epithelial cells in lung cancer, a key developmental
pathway in lung cancer progression and metastasis [14]. So expression of miRNA can be used
as a progression marker for cancer disease depending on its differential expression during
invasion, progression, and metastasis of cancer [3].

Reduction in dicer expression is often noticed in cancer stem cells like muscle stem cell tumors
and rhabdomyosarcoma in periodic cases, shown to be correlated with the down-regulated
level of myomiRNAs like miR 133 and miR 1 [15]. OncomiRNAs is a type of miRNA that can
decrease tumor suppressor gene expression which leads to phenotype attenuation or promo-
tion for oncogenic characters; miR92, miR21, and niR17 are members of that family that can
modulate cell-cycle regulators like P21, PTEN, and E2F that can promote tumor proliferation
[3, 12]. On the other hand, tumor-suppressor miRNAs, like let-7, target directly mRNA for
silencing [3]; over-expressed Let7 has proved to modulate cell-cycle regulators that lead to
tumor invasion and metastasis. So these miRNAs can be used as prognostic tools for can-
cer incidence or as a parameter for treatment susceptibility. In squamous cell carcinoma and
adenocarcinoma, a comparative miRNA expression profiling revealed a significant difference
that reached a specific signature to predict overall survival between male smoker patients in
addition to the study performed by Liu et al. that clearly declared correlation between overall
pathobiology in cancer and tissue-context miRNA expression [15]. Our team recently proved
a small panel of four miRNAs that can act as a liable prognostic marker for HCC progression
besides its ability to discriminate different stages in hepatocellular carcinoma [2].

3.1. miRNAs and hepatic diseases

Studies for understanding miRNAs in liver diseases showed a significant progression in
that field, making liver a promising first organ to achieve precision and targeted therapy.
Depending on accumulated studies of miRNA in liver disease, the unique vasculature of the
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liver, and the efficiently rapid accumulation of exogenous small RNAs, the liver showed a
good target for RNAI targeted therapy. Manipulation of miRNAs in liver diseases proved
great evidences in that field; as an example miR122 clearly illustrates a good effective target
for ameliorating hepatic steatosis besides many studies that showed miR122 to be a good
target in HCV targeted therapy through its role in production of neutralizing antagomirs.
MicroRNAs as a key target for viral hepatitis afford another liable possibility for targeting
HBYV and HCV infection that, by one way or another, causes HCC progression and death upon
chronic infection; this targeting prevention will help to reduce HCC risk incidence by regulat-
ing many oncogenic miRNAs like miR222, miR221, and miR21 or via tumor suppression ones
like miR199 and miR122 that nowadays are used as liable biomarkers in HCC, besides many
promising studies that showed its role as prognostic and a marker for therapy response.

3.1.1. miRNA as a metabolic modulator in hepatic diseases

Non-alcoholic fatty liver diseases (NAFLD) are characterized by increased liver fat content
and progression to liver inflammation, fibrosis, and ultimately cancer [16, 17]. Obesity, insu-
lin resistance, and diabetes mellitus are risk factors for this disease and it is estimated that
NAFLD will be the most common problem in internal medicine by 2020 [18]. Despite the high
prevalence of NAFLD, the biology behind the disease progression is not clear and impor-
tantly there is no specific treatment for this condition, so osculating necessity for liable bio-
markers and discovery of potential drug targets, as researched by Benhamouche-Trouillet
et al., showed that miR-21 may be implicated at various steps during the NAFLD disease
progression in a cell-specific manner through modulation of PPARa [19]. Specific conditional
dicer1 deletion from embryonic liver leads to disruption in maturation of microRNA from its
pre-microRNA form which leads to striking of metabolic phenotypes that include steatosis
together with triglyceride and fatty acid accumulation in addition to dysregulation of blood
glucose in fasting mice under study [12]. On the other hand, miR-355 has been recently con-
sidered as a liable biomarker for hepatic lipid accumulation in rat experiments as its elevated
level strongly correlated with obesity in mice in association with liver steatosis [15]; for that
reason, a high-throughput screen for miRNAs as a predictor for lipid droplet formation in the
liver metabolic disorder in humans is a great demand for disease progression, overall survival
rate, and even for prognosis of possible hepatic disorder (as shown in Figure 1 and Table 1).

The conflicting concerns about whether profile expression of miRNA correlated with NASH
or NAFLD have also been well investigated. Sanyal [20] research group reported in double
subject groups, including NASH and metabolic syndrome group, in addition to the control
group; control groups were matched in BMI. His investigators reported 23 up-regulated miR-
NAs and the same number of down-regulated miRNAs, with detailed interpretation referring
to the role of some miRNA expression dysregulation, that is, miR-34a and miR-146b up-
regulation besides miR-122 down-regulation in NASH subjects. Odd findings were reported
in human subjects with NASH-like decreased expression of miR-122. However, the protective
feature arise from silencing of miR-122 specially in high fat-fed mice bears only indirect physi-
ological matter differentiate steady-state cross-sectional investigations in overweight or obese
humans subjects with such a fatty liver disease. This result includes the complexity of dissect-
ing effects and causes cross-talk in hepatic expression of miR-122 and metabolic liver disease.
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The importance of miRNAs cross-talk analysis was further elucidated in many publications
where hepatic steatosis variations was evolved through application of an adenovirus encod-
ing a dominant negative c-Jun and then testing changes in miRNA expression that is associ-
ated with it [21]. They found many miRNAs (miR-122 and miR-370 was common among
many publications) to be differentially expressed (DE) in liver tissues of mice that were
treated by adenovirus and showed that the elevated presence of miR-370 correlated with the
osculating expression of hepatic lipogenic target mRNAs (e.g., FAS, SREBP-1c, and DGAT?2);
these findings suggest that dietary modulation of some miRNA expression is a relevant con-
sideration [21].

UpRegilated MNarmal Liver
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Figure 1. miRNA that either up-regulated or down-regulated with its target genes in different stages of HCC disease
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Liver diseases

Down-regulated miRNAs Up-regulated miRNAs Dysregulated miRNA

HCV infection

HCC

miR-17 miR-122 miR-192

miR-29a,b,c miR-146a miR-345

miR-155 miR-215

miR-194

miR-199a

Let-7 miR-18a miR-233

miR-15a miR-92a

miR-26a miR-141

miR-34a miR-181

miR-122 miR-221

miR-125b miR-224

miR-138 miR-1269

miR-145

miR-148

miR-199

miR-223

Table 1. Liver diseases in association with the microRNA level in each stage.
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3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the enzyme that catalyzes mevalonic
acid synthesis rate-limiting step in cholesterol and other isoprenoid production, showed both
miR-21 and miR-34a as key player molecules in this step, through controlling dephosphoryla-
tion and activation of HMGCR [22]. One requirement for any effort to enhance miRNA levels
as therapeutic tools is the well-established pro-oncogeneic characters for miRNAa in HCC
and its related diseases, which will be discussed later here.

3.1.2. miRNA and HCV infection susceptibility

Hepatitis C virus is the sole member of hepacivirus C species that is known to be a blood-
borne infectious viral disease causing the significant persistence of liver disease, with around
110-170 million infected patients globally, with nearly two-thirds of this number chronically
infected and not less than one-third developing fibrosis and cirrhosis after 20 years of the
onset of infection; most of them develop different stages of hepatocellular carcinoma [23].
Possible therapy for chronic hepatitis C (CHC) virus treatment has undergone a great trans-
formation recently; discoveries in viral infections in humans have shown surprising findings
that have broadened our understanding of miRNA function within human body.

In the setting of the HCV infection, the role of various miRNAs in modulating the viral infection
response has been deeply studied, that clarifies causes of chronic hepatitis C progression in most
infected patients and consequences of infection with its manipulation in the risk of develop-
ing cirrhosis and HCC [24]. The HCV virus is a positive-sense, single-stranded RNA virus of
9600 base [25]. It contains 5" untranslated region (UTR) that contains four structurally conserved
domains besides an internal ribosomal entry site (IRES) which allows viral RNA translation
in a cap-independent manner with minimal dependence on canonical translation factors [26].
Translation of viral RNA leads to a polyprotein product that consists of six nonstructural and
four structural viral proteins that undergo additional proteolysis by viral and host enzymes [27].

Subgenomic systems are easier to proceed after discovery of first sustainable cell-culture
models for hepatitis viruses, in 1999 [28]. A noticed curious aspect in these early sustainable
replicon systems was the successful sustainability of viral replication in Huh? cell line but not
HepG2, albeit both of these transformed cell lines have their origin in hepatocellular cancer in
humans. The biologic declaration for this conflicted efficiency was first explained by Jopling
et al. in 2005. When he verified that miR-122 has a detectable level in Huh?7 but not HepG2
[29], in addition to that, he recently noticed that HCV contains a recognition site for the miR-
122’s seed sequence in the UTR area of viral genome. The miR-122-interacted viral elements
have been mapped to two conserved points within 5' UTR among stem-loop I and/or II, cor-
responding to the seed sequence of the miR-122 [30]. The finding was more astounding on the
grounds that it appeared to be illogical to the customary thought of RNAi as an innate antivi-
ral response like in invertebrates or plants [31]. Inhibition of RISC effector complex molecules
like drosha, dicerl, DGCRS, and the RISC using small interfering RNA (siRNA) appears to
inhibit HCV replication [32]. Although the mechanism underlying the miR-122 interaction
with HCV is not precisely understood, miR-122 binding site position within the 5" UTR
proved to be critical, so translocation of this site to the 3' UTR in a luciferase reporter mRNA
causes up-regulation in reporter activity upon miR-122 diminished levels [30]. MiR-122 has
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been assumed to elevate both replication and translation of RNA, independently from viral
replication [33]. Up-regulation of the translation step through miR122 dependent pathway
is observed in reporter and full-length HCV genome constructs [34]. Also, Jangra et al. [35]
deliberated the mutations of full-length HCV constructs that are capable of generating infec-
tious virions in vitro. He found zero overlapped mutations within the miRNA or IRES bind-
ing site in distinct constructs. In those harboring mutations in IRES, infective viral production
was down-regulated by more than 28-fold in comparison with constructs with the miR-122
binding site disruption that showed more than a 3000-fold reduction [35]. These observations
are important in description of the role of miR-122 in HCV infection that requires searching
beyond HCV replication, translation, and stability to investigate more pathways like liable
RNA targets in HCV biology or posttranslational targets for it, as an example, heme oxygen-
ase-1 (HO-1) which catalyzes the degradation of heme to biliverdin. Oxidative stress causes
HO-1 elevation. Incubation of HCV-infected cell lines with biliverdin causes reduction in
HCV amplicons via stimulation of interferon pathways [36]. Heterodimers of BACH1 and
a member of the Maf protein family cause transcription repression of HO-1. It was observed
that BACH1 3’ UTR contains miR-122 binding sites; its function was confirmed to be impor-
tant by silencing miR-122 that leads to increased HO-1 mRNA levels double fold. Not only
that but BATCH1 silencing using siRNA or other chemical means like heme or cobalt proto-
porphyrin also decreased HCV RNA level [37].

However, in these research-based findings, miR-122 proved to be essential in replication
of HCV. Later cloned HCV from other genotypes proved to be replicated in some cell lines
like HepG2 cells [38], liver cells (hepal—6) [39], and cervical cancer-derived HeLa cell from
humans [40]. In addition, the findings from cell culture are not yet completely correlated with
outcomes from clinical infection, like miR-122 level in liver tissue of infected patients and viral
load [41]. Moreover, HCV therapy non-responder (NR) patients showed lower pretreatment
miR-122 levels in liver tissue biopsies rather than responders [41]. Another study showed
inverse correlation between severity of hepatic fibrosis and hepatic miR-122 expression levels
[42]. Even bearing in mind those conclusions, there is still convincing evidence that miR-
122 targeted therapy may act as a liable strategy in HCV precision medicine. For example,
Lanford et al. treated chronically infected chimpanzees with an LNA-modified oligonucle-
otide against miR-122 [43]. There was a significant drop by 2.6 orders of magnitude of HCV in
the chimpanzee that received the optimal dose of this agent besides significant improvement
in histologic examination of the liver specimens. Additionally, 5" UTR sequencing indicated
no signs for selection of adaptive mutations to the recognition site of miR-122. Similar find-
ings were also reported in human clinical trials, phase II, that test the LNA-modified phos-
phorothioate antisense DNA oligonucleotide and the anti-miR-122 antagomir (Miravirsen)
[44]. These findings were so encouraging to researchers, where the Miravirsen subcutaneous
injection reduces serum HCV viral load in a dose-dependent manner, up to a 3-log reduction
over 2-5 months [44]. Small molecules synthesis that targets miR-122 raises the possibility for
new opportunities in HCV infection treatment [45].

However, miR-122 is the finest studied HCV-related miRNAs; it is not sole. There are
others like MiR-199a that recognize HCV 5’ UTR and so suppress viral load [46]. Also,
MiR196 down-regulates BACH1 [47], and MiR-196 is up-regulated in response to interferon
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signaling [48]. Besides, immune-regulatory miRNA-155 is induced by antiviral TLR3/4 sig-
nals [49]. Elevated MiR-155 levels in HCV-infected patients appeared to be inversely pro-
portional to serum viral loads, signifying its relevant antiviral effect through suppression of
Tim-3 (HAVCR?2) that acts as an immune signaling modulator that is elevated in NK cells
of HCV-infected patients where its up-regulation leads to inhibition of Tim-3 that causes
an escalating production of interferon-y (IFNy) [50]. Not only that but MiR-155 also shows
antiviral effects against other viruses like HIV infection through TLR3/TLR4 signaling path-
way that prevents macrophage infection by HIV. Last but not least, miR-21, like many miR-
NAs, is induced by HCV infection but its induction aids HCV and escapes the immune
response through directly suppressing interleukin-1 receptor-associated kinase 1 (IRAK1)
and myeloid differentiation factor 88 (MyD88) [51] that is mandatory for mediating induced
interferon response (type I) upon HCV infection. So, augmentation of miRNA expression
levels and activity may prove a valuable aspect in HCV treatment and probably other viral
infections.

4. MicroRNA inhibitors as a promising therapeutic approach

From the therapeutic point of view, silencing some miRNAs that encode potential vital or
good protein-coding genes that is mandatory to preserve our health status. Inhibitors for
these miRNAs have been considered for prospective therapeutic agents. Several approaches
include direct delivery of miRNA-ASO or expressing it via mini-circle or viral vectors, which
have been recognized for effective miRNA knockdown in vitro and in vivo too. Lately, miR-
ASO-based therapy has been applied in humans and promising ongoing clinical trials consid-
ering liver sicknesses [52].

5. Conclusions

In conclusion, miRNA is a vital feature of assurance and monitoring throughout the tissue
growth and disease states. In the near term, there will be much to be learned about adaptive
or maladaptive states by an investigative way of differential expression of many miRNAs
that is affected by the miRNA genetic architecture, mirtrons, and clusters in addition to SNP
in miRNA or polymorphism in their target mRNA. There are diverse approaches of miRNA
regulatory mechanism of action, for example negative, positive feedback and cross-regulatory
through which various biological processes can be monitored, modulated or even resolved its
signaling pathways, include fibrosis, viral infection and cancer. Possibly the micromanage-
ment and homeostasis of these systems of regulatory miRNAs, when disturbed, can attain
novel wannabe steady state of interacted interfaces that show an undesired effect in disease
progression and severity especially in viral-related cancer cases like HCC. So, an enhanced
sympathetic of these miRNA regulatory networks, in addition to improved therapeutic tools
for controlling miRNA expression or their targets toward healthy regulatory states, will gain
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more interest over the coming years. Indeed, modern advanced miRNA precision-based med-
icine will undergo advanced phases of clinical trials that will afford more understandings
into the biosafety and bioavailability in addition to the efficacy of miRNA as therapy and
diagnostic tools.
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Abstract

Nowadays, direct-acting antivirals (DAA) have been used for hepatitis C virus (HCV)
treatment leading to cure in 90-95% of non-cirrhotic patients depending on genotype,
treatment experience, and regimen used. It was observed rates of antiviral response above
90% in compensated cirrhotic patients that should be treated for long time and/or ribavi-
rin may be required. Metabolic syndrome, obesity, and insulin resistance are increasing
worldwide and further contribute to hepatic steatosis and have long been recognized as
a cause of lipid deposition in the liver. These factors affect the rate of antiviral response
to interferon-based therapy, but it seems not impact DAA treatment. The effect of HCV
eradication on hepatic steatosis and progression to fibrosis, cirrhosis, and hepatocellular
carcinoma warrants further study in the era of direct-acting antivirals. Other factors that
could be related to increase liver damage are vitamin D and associated polymorphisms.
Patients with low concentration of total vitamin D [25(OH)D] presented high degree of
fibrosis and high values of total cholesterol and triglycerides. In this chapter, we review
the challenges and metabolic pathology associated with HCV infection and, discuss the
influence of some metabolic factors which can cause liver damage.

Keywords: hepatitis C, metabolic syndrome, insulin resistance, vitamin D, genetic
polymorphism

1. Introduction

Hepatitis C virus (HCV) infection is a serious health problem with an estimated 71 mil-
lion of people having chronic HCV worldwide [1]. During chronic hepatitis C (CHC), it
is observed many extrahepatic manifestations that could lead to rapid progression of the
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disease, increasing the risk of developing hepatocellular carcinoma (HCC) and advanced
fibrosis [2, 3]. The effect of HCV eradication on hepatic steatosis and progression to fibrosis,
cirrhosis, and hepatocellular carcinoma warrants further study in the era of direct-acting
antivirals. Now, with HCV eradication possible in virtually everyone, the sequelae of ste-
atosis, fibrosis and its drivers will garner more attention. People infected by HCV genotype
other than three presenting high BMI and visceral obesity have high risk of hepatic steatosis.
It is believed that insulin resistance (IR) is the primary pathologic mechanism that leads to
abnormal lipid accumulation within hepatocytes. But it is not defined if IR is due to host
factors, presence of HCV infection, or a combination. These data become extremely relevant
due to the high prevalence of obesity and metabolic syndromes observed worldwide [3].

Nowadays antiviral treatment for HCV demonstrated to be very effective (>90%), but it is
important to recognize and identify irreversible and associated metabolic damage, thereby
reducing the morbidity and mortality associated with HCV [3]. IR has been associated to CHC
[4, 5], which is characterized by hyperinsulinemia in patients with normal fasting blood glu-
cose and with an increased risk of developing diabetes mellitus type II (DM2), heart disease,
and nonalcoholic fatty liver disease [6-8].

One of the consequences of persistent IR may be the development of DM2. DM2 is a metabolic
disease characterized by hyperglycemia that can occur due to defects in insulin secretion and/
or action involving specific pathogenic processes, such as the destruction of insulin-producing
pancreatic beta cells or resistance to insulin action. It is the most common metabolic disease
and the one with the highest prevalence among individuals with hepatitis C compared to
those infected with the hepatitis B virus (HBV), for example [9, 10]. DM2 comprises approxi-
mately 90% of cases and may have a genetic and environmental component. Type 1 diabetes,
comprising about 10% of the cases, results in the destruction of beta cells, which may lead to
absolute insulin deficiency, thus requiring the exogenous administration of it to avoid keto-
acidosis and coma.

HCV core protein is involved in the development of IR, however little is known about the
clinical impact of HCV core region on IR [11, 12]. Patients infected with HCV genotype 1b
who had 70Q core mutation had higher rates of IR compared to those without the mutation,
indicating that this substitution is associated with the development of IR [11]. Mutation at
core 70Q have been associated to higher incidence of HCC and mutations in 70 and/or 91 core
HCV are important predictors of IR in patients without cirrhosis or DM [13, 14]. However,
this finding was not seen in Brazilian population [12].

Other factor that could be related to increase liver damage is vitamin D and associated poly-
morphisms. Vitamin D, whose active form is 1,25-dihydroxy vitamin D3, is essential for cal-
cium and bone homeostasis, and its deficiency has been associated to several diseases, such as
cancer, cardiovascular and autoimmune diseases, IR, and infectious disease [15-19].

Vitamin D is an important immunomodulator and plays an important role in metabolic and
inflammatory diseases in the liver, including HCV infection. Vitamin D deficiency is common
in healthy worldwide populations [20]. Despite this, patients with liver diseases such as CHC
are at substantially higher risk for hypovitaminosis D [15, 21, 22]. The polymorphism of the
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vitamin D receptor (VDR) gene was associated with rapid progression to fibrosis [bAt haplo-
type (CCA)] among HCV patients [23]. This information together demonstrates the potential
of VDR-vitamin D axis association in viral hepatitis and highlights the importance of vitamin
D as an immunomodulator, indicating an association between vitamin D deficiency and the
absence of sustained virological response (SVR) in patients with hepatitis C [24, 25].

Studies have found a relationship between vitamin D concentration and decreased response
to antiviral treatment in hepatitis C patients with genotype 1, 2 and 3 in double therapy with
peg-interferon (PEG-IFN) and ribavirin [15, 24]. Bitetto et al. [26] observed that the vitamin D
concentration and polymorphism in rs12979860 of IL28B gene were independent predictors
of response to treatment. Patients who did not present the CC (IL28B) and vitamin D defi-
cient genotype presented a greater risk of not responding to antiviral treatment. In addition,
vitamin D concentration supplementation improves response to antiviral treatment in double
therapy with PEG-IFN and ribavirin for recurrent hepatitis C [27]. Scalioni et al. [28] demon-
strated that patients with lower concentration of 25(OH)D presented high degree of fibrosis
and higher values of total cholesterol and triglycerides.

Currently, studies have been conducted correlating vitamin D and SVR levels in patients
under direct-acting antivirals (DAAs) treatment. Backsteadt et al. [29] evaluated the associa-
tion of vitamin D levels with cirrhosis in an HCV-infected cohort. In addition, they assessed
pre-treatment vitamin D levels up to week 12. A higher prevalence of vitamin D deficiency
was observed in cohorts of HCV-cirrhotic patients, but changes in vitamin D levels did not
influence SVR rates [29]. Belle et al. [30] evaluated the impact of vitamin D levels in treatment-
naive genotype 1 patients and submitted to conventional double therapy (PEG-IFN + ribavi-
rin) in a French cohort. No impact was observed between vitamin D levels and response to
antiviral therapy [30]. Studies have also evaluated genetic polymorphisms related to vitamin
D cascade in Thai population and have observed that polymorphism in the DHCR? gene may
be a predictive marker of response to dual therapy (PEG-IFN + ribavirin) in a patient with
HCV genotype 1 [31].

Egypt has the highest prevalence rate of HCV infection in the world, where hepatitis C is
considered a major health problem. The standard treatment of HCV is combination therapy of
PEG-IEN and ribavirin where SVR is only achieved in 30% of the patients. Due mainly to the
adverse effects and cost of treatment, discontinuation of treatment is an important approach.
In this way, Abdelsalam et al. [32] evaluated the association between vitamin D concentration
and VDR polymorphisms with SVR acquisition, where the concentration of vitamin D, FokI
and Taql was considered as predictors for the antiviral response with the combination of
pegylated interferon and ribavirin.

2. HCV disease progression in patients with metabolic alterations

Recently, epidemiological, clinical, and experimental studies have related HCV to liver steato-
sis and several metabolic derangements [33-35]. There is also evidence that HCV infection can
induce IR through different mechanisms [34]. Insulin metabolism is affected by HCV directly
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and indirectly leading to the production of several proinflammatory cytokines. The process
of replication, assembly, and release of HCV from hepatocytes depend on close interactions
with lipid droplets and host lipoproteins. The role of HCV in lipid metabolism of hepatocytes
can lead to hepatic steatosis, especially in HCV patients infected by genotype 3 [36].

In genotype-1 patients, liver steatosis is directly related to metabolic factors including
IR [37]. The impact of IR on the progression of liver disease has been debated and many
evidence suggest that patients who have IR have a worse prognosis concerning multiple
disease outcomes including progression of hepatic fibrosis and development of hepato-
cellular carcinoma [37]. Before the era of DAA for HCV infection treatment, IR also had
an impact on treatment response, which has now been overcome by the high efficacy of
these drugs. However, even with DAA treatment, IR is improved after the achievement
of SVR [33].

There are several studies that analyze the association of HCV infection with IR and a meta-
analysis of 34 studies found a positive correlation between HCV infection and increased risk of
DM2 in comparison to the general population in both retrospective and prospective studies [38].

Regarding the studies that evaluated response to HCV treatment with interferon-containing
regimens, it was observed that attaining SVR was associated with the improvement of IR
defined by a lower homeostatic model assessment (HOMA)-IR after treatment [39, 40]. In
addition, among patients submitted to treatment, those with a lower HOMA-IR had a higher
chance of SVR [41].

Many studies found an association between higher HOMA-IR and fibrosis as well as the asso-
ciation of hepatocellular carcinoma with IR. Petit et al. [42] studied 123 HCV infected patients
to investigate the host and viral specific factors associated with diabetes mellitus and IR in
chronic hepatitis C patients. In diabetic patients, a score F4 was one of the factors related to
the presence of diabetes mellitus and in patients without diabetes the HOMA-IR of METAVIR
F 0 and F1 patients was significantly different compared to F2 and F3/F4 patients. They con-
cluded that IR in non-diabetic HCV-infected patients was related to grading of liver fibrosis
and occurred already at an early stage during HCV infection [42].

Hickman et al. [43] hypothesized that host metabolic factors might be associated with
increased body mass index (BMI) and might play a role in liver disease progression. Thus,
they studied 160 HCV patients at the time of liver biopsy and collected their serum for the
assessment of the levels of insulin, c-peptide and leptin. They found that insulin was inde-
pendently associated to fibrosis (P = 0.046) but not inflammation (P = 0.83). In addition, serum
leptin levels were not associated to stage of fibrosis. So, in HCV patients infected by any
genotype, increasing circulating insulin levels may be a factor responsible for the association
between BMI and fibrosis [43].

Cua et al. [44] confirmed the impact of IR on fibrosis where they found that increased steato-
sis was related to high viral load (p = 0.001) but was not related to fibrosis (p = 0.1) in HCV
genotype 3 patients. In HCV genotype I, body mass index (p = 0.04) and HOMA-IR (p = 0.01)
contributed directly to steatosis. HOMA-IR was independently associated to fibrosis for HCV
genotype 1 (OR, 3.22; p =0.02) and genotype 3 (OR, 3.17; p = 0.04). [44].
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Petta et al. [45] aimed to assess whether increasing degrees of IR, up to overt diabetes, were
associated to steatosis and higher stages of fibrosis in patients with CHC resulting from geno-
type 1 HCV. About 201 genotype -1 HCV-infected patients were evaluated by liver biopsy
and anthropometric and metabolic measurements, including IR, by the HOMA-IR (nondia-
betic patients were defined as insulin resistant if HOMA-IR was >2.7). They evaluated three
different groups concerning IR profile: 96 patients were noninsulin resistant (group 1), 76
were insulin resistant without diabetes (group 2), and 29 were diabetic (group 3). At multi-
variate analysis, fibrosis of >/=3 was independently associated with high necroinflammatory
activity, low platelets, low cholesterol, high ferritin, and a high prevalence of IR. Diabetic
patients were twice as likely to have severe fibrosis (60%) than those with IR but no diabetes
(30%) (p =0.006). This study concluded that in genotype 1 HCV infected patients, IR and overt
diabetes are major determinants of advanced fibrosis, regardless of the degree of steatosis,
mainly in the presence of severe necroinflammation.

Mohammed et al. [46] also concluded in a study that evaluated HCV infected patients com-
pared to control group of non-infected HCV patients that IR may increase the rate of fibrosis
progression in non-diabetic patients with chronic HCV. They suggested that follow up of
hyperinsulinemia by serial assessment of HOMA-IR in non-diabetic HCV infected patients
may be a biochemical indicator for progression of liver fibrosis [46]. On the other hand, some
studies found no association between insulin resistance and liver fibrosis, like the one from
Carvalho et al. who concluded that patients with chronic hepatitis C have significant meta-
bolic alterations (hyperadiponectinemia and high HOMA-IR values) that are independent of
HCV viremia and liver fibrosis [47].

Another issue that deserves discussion is the association of HCC and IR. Although the
exact delineated mechanism is not yet established, there are some evidences to emphasize
the involvement of HCV induced chronic inflammation, oxidative stress, IR, endoplasmic
reticulum stress, liver steatosis and liver fibrosis in the progression of HCV chronic disease
to hepatocellular carcinoma [48]. Possibly, IR is only one step involved among a complex
interplay among factors that lead to HCC development. The impact of IR on HCC develop-
ment is possible related to the fact that HCV interferes with insulin signaling by degradation
of insulin receptor substrate 1 (IRS-1) and IRS-2 by suppressor of cytokine signaling (SOCS)
protein or PI3K/Akt/mTOR pathway. IRS-1 is inactivated by TGF-a and PI3K/Akt also [49].
Based on these facts, the early stage of chronic HCV infection with increasing steatosis and IR
creates an environment to develop hepatocarcinogenesis.

To investigate the role of IR and serum adiponectin level in hepatocellular carcinoma associ-
ated with chronic hepatitis C. Hung et al. analyzed three groups of patients and found that
diabetes mellitus was more prevalent among HCV patients (35.6%, n = 59) compared to those
infected by hepatitis B virus (HBV; 12.7%, n = 63), and non-HBV, non-HCV patients (7.1%,
n = 28). Among HCV patients, age, serum insulin, HOMA-IR, DM and male gender were
independently associated with HCC. This result was similar even when diabetic individuals
were excluded from the analysis [50].

Noteworthy, most studies that evaluated the association of IR and HCV fibrosis are transver-
sal studies. Longitudinal studies evaluating truly fibrosis progression and HCC development
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in patients with and without insulin resistance are needed to better understand this link.
However, in the new DAA era one must reevaluate the impact of IR in fibrosis progression
since the elimination of the virus per se will probably improve liver histology as well.

3. HCV treatment in patients with metabolic syndrome and vitamin
D deficiency

HCV infection may contribute to hepatic steatosis and to metabolic syndrome, forming a posi-
tive feedback that may further increase steatosis and culminate in steatohepatitis and fibro-
sis. As HCV infection is considered a curable disease, fibrosis can regress in some patients
after therapy response [51, 52]. However, based on data from IFN era, infected patients have
comorbidities, as metabolic syndrome, that may prevent fibrosis regression, leading eventu-
ally to a continued liver damage, even after viral eradication.

Vitamin D is an important physiological regulator that contributes to various biological, immu-
nological, and metabolic functions in liver diseases. Previous in vitro results indicated that
25-OH vitamin D appeared to be significant associated with treatment response, particularly
in the aspect of the rapid virological response (RVR) [53], which is an important predictive
factor for SVR achievement [54, 55]. Patients with RVR have an approximately 90% of chance
of treatment success after receiving PegIFN/RBV combined therapy, regardless of the viral
genotypes [56-58]. The achievement of this early goal provides greater flexibility for tailoring
the treatment duration on an individual basis and enhances the cost-effectiveness of treatment
[55]. However, the impact of 25-OH vitamin D deficiency on RVR and the precise mechanisms
underlying the inhibition of HCV replication were not thoroughly elucidated.

Some cross-sectional studies have shown associations between a higher 25-OH vitamin D
level and response to therapy with PEG-IFN and ribavirin [15, 59, 60], while low levels are
associated with poor response and its supplementation improves SVR rates. On the other
hand, studies conducted in French HCV patients did not observed an impact of vitamin D
levels in response to double therapy [30]. No causality can be established by cross-sectional
studies and discordant results have been observed [61]. Associations may occur because
healthier people are more exposure to sunlight and perform more physical exercises, which
lead to a higher 25-OH vitamin D level. Also, chronic inflammation can shorten the half-
life of 25-OH vitamin D and hepatic production of vitamin D-binding protein is reduced in
patients with advanced liver disease and this may accelerate vitamin D turnover. Indeed,
some studies pointed that its level before antiviral therapy has no impact on the efficacy of
antiviral therapy, regardless the genotype [62]. On the other hand, an Italian study found high
frequency of vitamin D deficiency among decompensated cirrhosis showing that vitamin D
may play a role in the development of infections in patients affected by liver cirrhosis [63].

Potential relationship of vitamin D gene pathway has been suggested in the pathophysiology
of HCV infection. Studies conducted in Asian and Latin America population did not find
an association of VDR gene polymorphism to SVR in double therapy [28, 64]. On the other,
studies conducted among European patients infected by genotypes 1, 2 and 3 found that VDR
gene polymorphisms are independently related to the response to Peg-IFN + RBV therapy in
CHC. These differences could be related to genetic differences among these studies [65, 66].
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Few studies have evaluated the impact of vitamin D metabolism in therapy with direct-acting
antivirals (DAAs). Recently, Cusato et al. [67] evaluated the impact of polymorphisms in
genes (CYP27B1, CYP24A1, VDBP and VDR) related to vitamin D pathway on sofosbuvir and
GS-331007 plasma levels in HCV mono-infected patients at 1 month of treatment. They found
that genetic polymorphisms involved in vitamin D pathway influenced drug concentration.
In future, it might be useful to understand if these polymorphisms can affect other DAAs
concentrations; and to understand their role in the prediction of clinical variables, such as the
probability to develop hepatocarcinoma or to influence the viral load decay.

High rates of early tumor recurrence were recently reported after therapy with DAAs in 103
HCV-infected patients with prior HCC [68]. Despite therapy with DAAs, the occurrence of
liver cancer could not be reduced in cirrhotic patients with SVR [69]. Recently, a study con-
ducted in Italy found an association of HCC risk factors to age, ribavirin administration, IL28B
1512979860 CC and previous treatments; VDR Fokl CC, sex and insulin resistance were pro-
tective factors [67]. However, three distinct prospective cohorts showed no increased risk of
HCC recurrence in 267 patients after DAA treatments [70]. Whether DAA treatments increase
HCC occurrence or recurrence rates will remain a subject for debate until have emerged with
a proper control arm to assess this important question [71].

With the efficacious DAAs regimens, comorbidities appear not to impair SVR. Long-term
studies in very large patient cohorts treated with DAAs will elucidate the degree to which
steatosis, steatohepatitis, and/or fibrosis reverse with SVR. The persistence of these comor-
bidities may prevent complete return to health in HCV-cured patients.

4. Conclusion

In conclusion, several metabolic alterations, such as, insulin resistance and DM2 have been
observed among CHC patients. During double therapy with PEG-IFN and ribavirin, IR
and vitamin D levels were important to define high successful rates of virological response.
Nowadays, with the advent of DA As, the rate of SVR have been increased, however high rates
of early tumor recurrence were recently reported after therapy with DAAs. In addition, the
role of vitamin D levels and genetic polymorphisms involved in vitamin D metabolism could
be important predictors for viral response and evolution of clinical cases. Further studies
should be necessary to confirm the impact of these factors during new antiviral regimens.
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Abstract

Periodontal tissues exhibit important vascular, lymphatic, and nervous connections with
the rest of the body. Thus, periodontal inflammation caused by the interaction between the
subgingival bacterial biofilm and the host immune response has an impact reaching
further than the oral cavity. The concept of “periodontal medicine” reunites the bidirec-
tional relationships that exist between periodontal disease and systemic conditions such
as diabetes mellitus or cardiovascular disease. The chronic inflammation of hepatic tissues
during hepatitis C virus (HCV) infection causes changes in the general homeostasis that
can reverberate at periodontal level and influence periodontal inflammation. Various
mechanisms such as insulin resistance or pro-inflammatory cytokines production could
be the link between the two conditions. In addition, periodontal inflammation could
impact HCV transmission, as HCV RNA molecules and antibodies have been found in
infected patients’ saliva and gingival fluid. During periodontal inflammation, gingival
bleeding is frequent, and the viral molecules could enter oral fluids while being carried
by peripheral blood cells. Clinical particularities that suggest the onset of periodontal
disease have also been frequently observed in HCV-infected patients. The connections
between periodontal disease and hepatitis C need to take into consideration by practi-
tioners of both specialties due to their important implications on clinical manifestations
and treatment strategies.

Keywords: periodontal disease, hepatitis C, gingival crevicular fluid
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1. Introduction

The concept of “periodontal disease” comprises a group of inflammatory conditions that
address the supporting tissues (periodontium) of the tooth. If left untreated, periodontal
disease will lead to alveolar bone loss and subsequent decreased tooth stability, eventually
causing tooth loss [1].

The main cause or determinant factor for periodontal disease (PD) is the subgingival biofilm,
composed of bacteria, fungi, and other microorganisms that are all bound together within a
matrix [2]. The periodontal pathogenic bacteria are usually found in the oral cavity even in a
healthy person, but under special circumstances (such as low immune response or other local
and systemic favoring factors), they overgrow in number and become over-aggressive [3]. The
normal immune response of the body can be altered by systemic diseases, while the tissular
architecture and strength of the periodontal tissues is genetically determined, thus varying the
way in which each patient reacts to periodontal bacteria aggression.

2. Periodontal structures

The periodontal structures that surround and support each tooth are represented by gingiva,
periodontal ligaments, cementum, and alveolar bone [4]. These are divided into two separate
categories: the superficial periodontium (composed of gingival and gingival fibers) and the
profound periodontium (composed of periodontal ligament, cementum, and alveolar bone).
The histological characteristics of the periodontal tissues are genetically determined, resulting
in a variety of periodontal phenotypes that share common features but are also different in
some aspects, especially in strength and resistance against bacterial assault. This explains why
PD is more frequent in some individuals than in others, despite universal distribution of the
periodontal pathogens [5].

The anatomical constituents of the periodontium are divided as follows (Figure 1):
1. Superficial periodontium:

e gingiva: gingival epithelium + gingival connective tissue

e gingival fibers
2. Profound periodontium/attachment apparatus:

*  periodontal ligament

¢ cementum

e alveolar bone

The gingiva protects and shelters the deeper structures of the periodontium (Figure 1A(a)). It is
composed of a free, unattached area, called the marginal gingiva which surrounds each tooth,
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Figure 1. (A) The tooth and its surrounding periodontal structures: a, gingiva; b, gingival fibers; ¢, cementum; d,
periodontal ligament; e, alveolar bone; k, periodontal probe. (B) Detail from (A): f, epithelium; g, connective tissue; h,
periodontal space; i, gingival sulcus; j, junctional epithelium.

an interdental area called the gingival papilla and an attached area, called the attached gin-
giva, which is closely bounded to the underlying periosteum and the alveolar bone.

The gingival epithelium is made out of multiple cellular layers that are strongly keratinized
where important mechanical forces are applied during chewing. The vascular and nutritional
support of the epithelium is provided by the underlying connective tissue. Special structures
called papillae rise from the connective tissue inside the epithelium, improving the adherence
between the two and enhancing nutritional supply (Figure 1B(f,g)) [6].

Between tooth surface and the free gingiva, a narrow space called gingival sulcus is formed
(Figure 1B(i)). In a healthy gingiva, this sulcus is only 0.5-2 or 3 mm deep. The periodontal
probe is a special instrument used for assessing the depth of the gingival sulcus, an important
indicator of PD presence and evolution (Figure 1A(k)). The gingiva becomes attached to the
tooth surface in the vicinity of the enamel-cementum junction with the help of the junctional
epithelium (Figure 1B(j)), a specialized type of tissue with less cellular layers than the rest of
the gingival epithelium, thus allowing rapid changes of molecules between the gingival sulcus
and the connective tissue. However, the thin architecture of the junctional epithelium makes it
more liable to penetration by bacteria and their toxins [7, 8].
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The gingival fibers are collagen fibers that are distinct from the periodontal ligament and are
found inside the gingiva. They are disposed in a circular manner in the gingival connective
tissue and keep the gingiva in close contact to the tooth (Figure 1A(b)) [6].

The cementum is a type of mineralized connective tissue that covers the roots of the teeth
(Figure 1A(c)). In comparison to other mineralized connective tissues such as the enamel or the
bone, the cementum has a lower concentration of mineral substances, therefore making it less
durable and resistant. In addition to this, the average root cementum thickness is about
100 um, making it predisposed to resorption. Nevertheless, the cementum can regenerate
itself, as it is being stimulated by apposition forces like those used during orthodontic treat-
ments and root planning [9].

The periodontal ligament fibers (Figure 1A(h)) are also made of collagen but these fibers are
placed outside the gingiva, inside the narrow space between the root of the tooth and the
alveolar bone called periodontal space (Figure 1A(d)). Therefore, they strongly connect the
tooth inside its alveoli. Nevertheless, this connection is quite flexible and elastic, as it needs to
adapt to various tooth movements that take place during chewing. Acting in a slingshot
manner, the periodontal ligament fibers are anchored with one end in the root cementum and
with the other in the alveolar bone, these ends of the fibers being called Sharpey fibers [4, 8].

The alveolar bone is composed of bony processes that extend from the base of the maxilla and
the mandible, forming the sockets in which the teeth are placed (Figure 1A(e)). It is made out of
spongious bone in its inside core and compact bone on the external and internal walls [8]. The
alveolar bone attaches one end of the periodontal ligament fibers and distributes the masticatory
forces from the teeth to the rest of the face and cranium. The existence of the bone is strongly
related to the presence of teeth inside the sockets, as once the teeth are extracted the alveolar
bone is quickly resorbed due to lack of stimulation by masticatory apposition forces [10].

3. Gingival crevicular fluid

When the periodontium is healthy, free of inflammatory conditions, the gingival connective
tissue secretes a small quantity of clear, interstitial liquid inside the gingival sulcus, called the
gingival crevicular fluid (GCF) [11]. The fluid is secreted as a result of different osmotic
pressures between connective tissue vessels and the gingival sulcus content of bacteria [12].
When the subgingival bacterial plaque is matured and excessively grown, the fluid flow
increases and changes its characteristics as periodontal inflammation unveils [11]. Thus, the
gingival fluid will become rich in different types of cells such as epithelial, connective, bacte-
rial, and host-immune cells.

The gingival fluid can be used for this reason as a mean to assess the severity and extent of PD
and periodontal damage [11]. Moreover, the fluid contains a series of pro-inflammatory
markers such as interleukins, enzymes (metalloproteinases (MMPs)), and growth factors that
are all valuable indicators of PD activity. The quantitative and qualitative detection of these
molecules in the gingival fluid is used as a method to assess the periodontal status during
nonsurgical periodontal treatment [13], orthodontic therapy [14], and periodontal surgery [15].
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4. Periodontal disease

The classification of periodontal diseases has been the subject of extensive scientific debate. For
simplification reasons, it can be considered that periodontal conditions are divided into
inflammatory diseases of the superficial periodontium (gingivitis) and those of the profound
periodontium (periodontitis). These two main types of periodontal conditions have extended
subtypes and various clinical forms, but the bacteria-generated ones are the most common.

4.1. Gingivitis

The extended accumulation of bacterial plaque in the close proximity of the free gingival
margin or inside the gingival sulcus will lead to the onset of an inflammatory process. The
bacteria express toxins such as their lipopolysaccharide (LPS) that can trigger the immunolog-
ical reaction of the body. As a result, gingival blood vessels become enlarged, lymphocytes are
drawn to the site of the reaction, and more pro-inflammatory markers are secreted [16].
Although the inflammatory reaction is meant to stop the bacterial aggression, the uninterrupted
bacterial growth in the biofilm will continue, leading to a chronic self-sustained inflammatory
reaction. As the inflammation unveils, the gingiva will display the typical signs of inflamma-
tion: changing color from pink to first bright and then dark red, increasing volume due to
edema and bleeding spontaneously or on chewing or periodontal probing. As long as the
bacterial plaque is undisturbed by professional cleaning, the inflammation will proceed [17].

Some local factors such as crowded teeth, incorrectly adapted dental fillings, crowns or bridges,
orthodontic appliances, or gingival recessions can result in an inappropriate oral hygiene, by
creating niches from where the bacterial plaque is more difficult to remove [18]. In addition, the
gingival status of the patient can be influenced by a series of systemic factors such as disease,
medication, hormonal variations, or nutritional status that have an impact on the behavior of
the gingival tissues when confronted even with a limited quantity of bacterial plaque. For
example, medication used for hypertension treatment, epilepsy or immunosuppression can
cause the gingival enlargement due to hyperplasia. The treatment of gingivitis consists of the
professional removal of bacterial plaque and improving the favoring factors, either local or
systemic. An important part of the treatment is represented by patient education and motiva-
tion for a well-kept oral hygiene. Gingivitis has a reversible character, and the gingival tissues
return to their initial situation prior to the onset of the disease in most cases [16].

4.2. Periodontitis

When bacterial plaque is not removed, it will continue to grow and mature inside the gingival
sulcus. More aggressive, Gram-negative anaerobic bacteria will begin to appear inside the
biofilm, as the local conditions (low oxygen) enable them to thrive and multiply. These bacteria
include important and highly aggressive periodontal pathogens such as Porphyromonas
gingivalis, Treponema denticola, or Tannerella forsythia. As a result of the continuous bacterial
aggression, the gingival junctional epithelium will begin to migrate in an apical direction, as an
immune adaptation. Consequently, the gingival sulcus will become deeper, allowing the
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extended growth of the biofilm and its colonization with aggressive periodontal pathogens
[19]. The moment when the junctional epithelium migrates away from its normal position—
the enamel-cementum junction, the gingival sulcus becomes a periodontal pocket and the
damage caused by PD becomes irreversible. Consequently, the collagen fibers of the periodon-
tal ligament and those inside the matrix of the alveolar bone are degraded by collagenase
enzymes secreted by bacteria or by lymphocytes as a result of the chronic inflammatory
reaction. In addition, as the alveolar bone is no longer stimulated by periodontal ligament
fibers that transmit the masticatory forces, its resorption will be even more accelerated [20].

Further empowered by leukocyte- and monocyte-secreted pro-inflammatory markers
(chemokines, interleukins, tumor necrosis factors (TNFs)), the periodontal inflammation can
last even for years, with few clinical symptoms (mostly gingival bleeding, receding gums,
increased tooth sensitivity) until the loss of periodontal ligaments and alveolar bone is so
extensive that the teeth increase their mobility and eventually are lost. The rate of progression
and severity of periodontitis can be influenced by systemic disease that impair the normal
immune response of the body and favor the aggressive actions of the bacteria and their
debilitating impact on the periodontal tissues [21]. The periodontal therapy aims to remove
all subgingival biofilms and to partially reconstruct the lost alveolar bone with the aid of bone
grafts in order to increase tooth stability. Nonsurgical periodontal treatment, systemic and
local antibacterial medication, and periodontal surgery methods are used during active treat-
ment, but the patient needs to be frequently recalled for reassessment, monitoring, and clean-
up in order to prevent any relapse of PD [19].

5. Periodontal disease and systemic conditions

Periodontal conditions can impact the general well-being of the patient and can help to
improve the outcome of other systemic or distant diseases through their treatment. Over the
past decades, based on the results of clinical and fundamental studies, scientific research has
elaborated a new concept, “periodontal medicine,” which encompasses the bidirectional rela-
tionships that exist between periodontal diseases and some systemic conditions such as diabe-
tes mellitus (DM), cardiovascular disease, or rheumatoid arthritis (RA) [22].

Diabetes mellitus associated to PD has received extensive and intensive research attention over
time. Today, PD is officially recognized as the sixth complication of DM, alongside retinopathy,
nephropathy, neuropathy, macrovascular disease, and modified wound healing [22]. The peri-
odontal status of DM patients often includes overgrowth gingival tissues and the formation of
gingival abscesses [23]. This chain of pathological events is strongly influenced by the glycemia
level, as DM patients with well-controlled glycemia exhibit similar degrees of periodontal
inflammation as non-DM ones [24]. Compared to healthy controls, DM patients exhibit an
elevated risk for PD, by up to three times higher. DM history can also influence the onset of PD,
as the major symptoms of periodontal destruction have been shown to manifest after 10 years
of DM [25] or after the age of 30 for most patients [26].
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Various mechanisms have been suggested in order to explain the impact of DM on periodontal
status and PD onset and evolution. From a bacterial standpoint, it may seem that the increased
glucose content of DM patients’ saliva and GCF [27] could cause a change in the composition
of the oral and periodontal microflora, favoring the development of periodontal pathogens
such as P. gingivalis or Aggregatibacter actinomycetemcomitans. Another possible mechanism
could reside in the impaired function of polymorphonuclear leukocytes (PMNs) that occur in
diabetic patients. The cells’ chemotactic, phagocytic, and adhesive capabilities are declined,
facilitating debilitating defensive cellular mechanisms and periodontal pathogens infection of
the periodontal tissues [28].

Pro-inflammatory markers play an important role in the onset, intensity, and extension of
periodontal inflammation. In DM patients, significantly increased levels of pro-inflammatory
cytokines produced by monocytes have been found [29]. This is believed to be caused by the
hypersensitive monocyte/macrophage phenotype found in DM patients. This particular phe-
notype induces an overreaction to bacterial antigens, such as lipopolysaccharide (LPS). As a
result, the production of cytokines is dramatically augmented [30]. For example, DM patients’
monocytes produced 24-32 times higher quantities of TNF-alpha than non-DM monocytes,
when stimulated by P. gingivalis LPS. Other cytokines are also produced in large amounts by
DM monocytes subsequent to LPS stimulation: four times higher production of prostaglandin
E2 (PGE2) and interleukin 1beta (IL-1beta) than non-DM monocytes [29]. When compared, the
GCF levels of PGE2 and IL-1 beta were higher for DM patients’. Cytokines can activate the
production of periodontal metalloproteinases (MMPs) (collagenase, gelatinase, elastase) [31]
that subsequently impair the periodontal structures.

Coronary atherosclerosis disease (CAD) has been associated with dental infections [32], while
ischemic heart disease has been correlated to the patient’s history of missing teeth [33, 34].
Dental health was also found to be worse in myocardial infarction (MI) patients than in controls.
Poor dental hygiene is also believed to increase twofold the risk of CAD. In addition, the Total
Dental Index (TDI) can be considered as a predictor for CAD, according to some authors [35, 36].

In periodontal patients with more than 20% bone loss, the risk of CAD is increased by 50%
[37]. Review articles of the existing literature on the subject mention advanced CAD risk in the
presence of preceding PD, ranging from 14 to 222% [38]. The American Heart Association
concludes that “periodontal disease is associated with atherosclerotic vascular disease inde-
pendent of known confounders” [39], emphasizing that the direct causative correlation
between PD and CAD has not yet been scientifically proven.

In the early stages of atheroma formation, monocyte cells adhere to the injured endothelial
wall. The adhesion molecules that make this process possible are influenced by bacterial LPSs,
prostaglandins, and pro-inflammatory cytokines. The increased levels of cytokines such as IL-
1, TNF-alpha, and PGE2, which are found in periodontal disease’s patients’ serum, can facili-
tate the adhesion of the monocytes and therefore promote the formation of atheroma lesions.
Periodontal therapy (scaling, root planning) has been shown to decrease the levels of pro-
inflammatory cytokines and improve vascular health [40, 41]. The functional assessment of
vascular endothelial function is also improved after periodontal therapy [40, 42].
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Rheumatoid arthritis (RA) is a chronic inflammatory disease that leads to the dissolution of
articular tissues (synovial membrane, bone, and cartilage). The disease is believed be an
autoimmune dysfunction in which the body’s own immune system begins to target articular
tissue’s cells.

The bone destruction is mediated by matrix degenerative enzymes such as metalloproteinases
(MMPs), oversecreted by fibroblast and phagocytes cells during chronic inflammation. The
secretion of these MMPs is normally inhibited, but the impairment of the immune system that
takes place in RA and PD cancels the inhibitory action. Therefore, the collagen matrix of the
bone tissue is degraded and bone loss occurs. As a result, bone decline can be indirectly
assessed through MMPs detection in both RA and PD [43, 44].

Inflammatory conditions such as RA and PD imply the secretion of elevated levels of cytokines
and other inflammatory mediators. Despite the vast range of pro-inflammatory cytokines, the
cytokine profiles found in RA and PD patients share certain common molecules. For example,
the prostaglandin E2 (PGE2) responsible for cell damage in RA also expresses elevated levels in
PD, where alveolar bone breakdown is frequent [45]. Moreover, as P. gingivalis has been associ-
ated as a susceptible factor for rheumatoid arthritis, other cytokines such as IL-1, IL-6, or TNEF-
alpha exhibit inflated levels in both RA and PD and may also be responsible for the impairment
of normal bone formation mechanisms, which eventually trigger tissue degradation [46, 47].

6. Chronic hepatitis C infection from an oral health perspective

Hepeatitis C is a liver disease caused by the infection with the hepatitis C virus (HCV). Due to
the increased number of infected individuals globally, it is considered to be a major public
health issue, requiring important financial and scientific resources for the development of a
universally available treatment [48]. The infection affects such a large number of people,
because in its early stages, it can have no visible symptoms, making the spread of the virus
easier from unaware infected persons to healthy ones. As the liver inflammation caused by the
virus unveils, it becomes chronic in most patients, eluting the immune system’s protective
mechanisms [49]. Through the years, the chronic inflammation impairs the normal functional-
ity of the liver, healthy hepatic tissue, and hepatocytes being replaced by reactive, fibrotic
tissue. As a result, the complications of chronic hepatitis C will develop, the most frequent
and dangerous ones being liver cirrhosis and hepatocellular carcinoma, both with harmful
consequences for the patient [50].

An important feature of the HCV virus is that it can be easily transmitted. After entering the
human body, the virus needs a cellular host in order to multiply. It does so mainly inside
hepatocytes but it also targets peripheral blood cells, which means that viral RNA strands are
found in infected patients” blood. Consequently, this makes blood and blood products the
main medium of viral infection. Most frequently, this arises when using infected needles (for
medical purposes or drug abuse) or after blood transfusions involving infected patients. The
virus can also disseminate through unprotected sexual contact when one partner is infected, or
by using poorly sterilized medical instrument [51]. The fact that the initial stages of HCV
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infection develop without many visible or notable symptoms can facilitate the spread of the
virus. Certain studies have found that viral RNA molecules can be found in saliva and gingival
crevicular fluid as well, being carried by peripheral blood cells that enter those fluids [52]. As
the viral molecules can be hosted inside peripheral blood cells, these can be easily transported
at the gingival level especially during gingival inflammation, when the blood flow in the small
capillary vessels is expanded. The gingival connective tissue position (underneath the thin
gingival junctional epithelium) supports the transfer of these HCV-infected white cells into
the gingival crevicular fluid, along with other bacterial and own damaged cells. During
inflammation, the quantity of secreted gingival fluid is increased. In addition, inflamed gums
bleed easily, facilitating the transfer of the HCV virus into the oral fluids such as saliva and
gingival fluid [53, 54]. The infectious potential of these fluids is still debatable and requires
further research.

As no vaccine for HCV has been developed, the main strategy for preventing the spread of the
infection is the early detection of infected patients and the proper management of blood
products originating from such subjects. Considering that the acute phase of infection is
manifested only in a limited number of patients (one-tenth) and the symptoms are not neces-
sarily common to those of other hepatic conditions (e.g., jaundice), the infected patient can
easily oversee the infectious event [55]. This aspect claims the need for frequent blood testing
(i.e., hepatic transaminases) in order to detect early signs of liver function impairment, or
serum anti-HCV antibodies assessment. In young patients, the infection may be cleared up by
the immune system, but in most cases, it becomes chronic and associated to other risk factors
such as alcohol consumption, an unhealthy diet, and lifestyle being able to make the shift
toward liver cirrhosis [56].

Extrahepatic manifestations of the disease can also occur in some patients, due to the fact that
the virus can be hosted by the blood. As such, cryoglobulinemia, an inflammatory reaction
caused by the increased amount of antibodies in the infected patients” blood, can develop, as
the infected cells travel along blood vessels. The chronic hepatitis C infection generates a lot of
stress on the patients’” immune system. Under these circumstances, it has been noted that a
series of autoimmune conditions can develop as a consequence of chronic hepatitis C, due to
the impaired function of the immune system and the alteration of normal pro-inflammatory
molecule production. Such autoimmune conditions include non-Hodgkin lymphoma, autoim-
mune thyroiditis, porphyria cutanea tarda, and possibly diabetes mellitus and rheumatoid arthri-
tis [57]. The chronic hepatic inflammation caused by HCV can also impact the normal cellular
intake of glucose, by causing insulin resistance [58]. Other non-autoimmune extrahepatic mani-
festations impact the normal function of the kidney, heart, and central nervous system [57, 59].

Nowadays, intensive efforts are made for the limitation of HCV infection spread. This entails
raising public awareness about virus transmission and therefore testing for HCV. As the
detection of viral antibodies or viral RNA in blood samples can be overcomplicated and
unavailable in some situations, easier diagnosis tools such as salivary oral kits have been
created [60]. These can improve the screening of the patients for infection and decrease the
chance of involuntary transmission of the virus. However, such methods are not yet fully
developed or universally accessible. The treatment of chronic hepatitis C complications is
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expensive and complex, including antiviral medication and liver transplant. This further
enhances the need for a smooth diagnostic tool, able to intercept the infection in its early
stages, despite the lack of evident clinical symptoms. In the future, perfected and well-
calibrated oral fluid test kits could provide a solution for widespread screening of the infection
and a hope for its prevalence and transmission rates decline [61].

Some extrahepatic manifestations of HCV infection such as Sjogren syndrome and oral lichen
planus can also impact the status of the oral cavity [62, 63]. In Sjogren syndrome, the secretion
ability of the lachrymal and salivary glands is impaired. The decrease in salivary volume
causes a chain of oral health issues, which include soreness and friability of the oral mucosa,
an increased number of dental caries, and sialadenitis of the main salivary glands [64]. Oral
lichen planus is a type of mucous lesion that is not painful and thus can be easily unobserved
by the patient, especially if settled in the posterior areas of the oral cavity. This fact has clinical
significance, as the lesion can have malignant potential and needs to be identified and treated
as soon as possible [65]. Some cases of oral-squamous cell carcinoma have been reported in
HCV patients, stating a correlation between the two diseases [66]. HCV-infected patients
should be closely monitored in terms of periodontal health, as the combined effect of chronic
inflammation, both hepatic and periodontal, could have a negative impact on their life quality
and general life expectancy. The common immunological, clinical, and epidemiological impli-
cations of the two conditions should raise awareness for practitioners, by offering the possibil-
ity of better understanding of their pathogenic mechanisms and therapeutic opportunities.

7. Connections between HCV infection and periodontal status

HCV chronic infection can have important consequences on patient’s life quality and influence
the normal activity of defensive mechanisms, such as the host immune response. This can leave
the patient vulnerable to the onset of other infections such as periodontal disease triggered by
bacterial biofilm. Recent scientific data show that multiple-layered connections between HCV
infection and periodontal disease could be possible, including transmission implications via
oral fluids (saliva and gingival fluid), related clinical manifestations of the two conditions
[63, 67-69], and common pathogenic pathways that may favor their evolution [68].

The proposed hypothesis claims that chronic hepatitis C can influence the onset of periodontal
impairment. This connection could be possible through the HCV-mediated changes upon the
patient’s homeostasis. As it was recently suggested, one such mechanism could be insulin
resistance [68]. Chronic inflammation or infections like hepatitis C have been shown to cause
insulin resistance, meaning that cells become insensitive or unresponsive to insulin stimulation
and thus with a decreased ability to absorb and metabolize the glucose [70]. Insulin resistance
has also been noted in periodontal patients [71, 72], suggesting that preexisting HCV infection
could create favorable conditions for the development of periodontal changes by altering the
general cellular response to inflammation. Another explanation for the interaction between the
two diseases and the way they are interconditioned is that the liver play an important role in
the regulation of the immune response [73]. An impaired hepatic function caused by HCV
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infection and its complications (liver fibrosis) can alter the general immune response by
impaired neutrophil cell activity or overproduction of pro-inflammatory cytokines (interleu-
kins, tumor necrosis factors) by the activated monocytes/macrophages. Such changes in the
immune response have also been recorded during periodontal inflammation [74]. The similar
immune response in the two conditions could suggest that, combined with the presence of
subgingival bacterial biofilm, a preexisting inflammatory disease such as chronic hepatitis C
could create the necessary immunological premises able to trigger the onset of periodontal
damage in HCV patients [75, 76].

Similar pro-inflammatory cytokine profiles have been found in both chronic hepatitis C and
periodontal disease. Various amounts of IL-1 (alpha and beta), IL-6, and TNF-alpha were
found in HCV patients’ serum [77, 78] as well as in periodontal patients [79]. A direct signifi-
cant correlation emerged between serum levels of TNF-alpha, the degree of hepatic inflamma-
tion, and serum levels of adiponectin [80]. This association could further explain the impact of
chronic hepatitis C on insulin resistance, since adiponectin serum levels can impact and
correlate to insulin resistance and homeostasis glucose metabolism [80]. In saliva samples of
periodontal patients, similar cytokine profiles to those in serum were found [81], while traces
of viral RNA and anti-HCV antibodies were found in chronic hepatitis C patients’ saliva [82,
83]. The gingival crevicular fluid exhibits similar characteristics to saliva in both cytokine
profile in samples from periodontal disease sites [84] and HCV load with RNA molecules and
antibodies [52, 53, 85]. As for other systemic periodontal comorbidities such as diabetes
mellitus, cytokine profile plays an important role in the development of distant inflammation,
mediated by pro-inflammatory markers triggered by other metabolic disease that impact the
homeostasis [29].

The two most common hepatic enzymes, aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT), used for liver function assessment, can also be assessed in the gingival
crevicular fluid and saliva. The level of these enzymes has been shown to fluctuate according
to the inflammatory status of the periodontal tissues [86-88]. The fact that transaminases
recorded a decreased activity subsequent to periodontal treatment suggests that the periodon-
tal inflammation and the aggression caused by periodontal bacteria can have extending effects
that exceed the periodontal tissues. Therefore, it could reach the liver and impact its normal
function, being able to influence ongoing hepatic conditions such as chronic hepatitis. Thus,
the relation between periodontal disease and HCV infection could be bidirectional, each of the
two conditions having an impact upon the other one, both in terms of pathogenic mechanism,
clinical manifestation, and therapeutic strategies.

The connection between HCV infection and periodontal disease is also suggested by some data
that assesses its clinical impact on the manifestations of the two conditions. In a study com-
paring the periodontal status of patients with periodontal disease to those of patients with
periodontal disease associating hepatitis C [89], the first group of patients exhibited a statisti-
cally significant larger number of remnant teeth than the second group. In addition, for the
patients with periodontal disease and hepatitis C, the existing teeth were more frequently
affected by periodontal pockets than the hepatitis-free patients, although not statistically sig-
nificant. A statistically significant difference was recorded between the maximum periodontal
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pocket depths of the groups, deeper periodontal pockets being found in HCV patients. More-
over, the gingival index (GI), assessing the degree of gingival inflammation, was also signifi-
cantly higher for HCV and periodontitis patients than for hepatitis-free ones. A
complementary study assessing the metabolic status of periodontal patients with or without
comorbidities (chronic hepatitis and diabetes mellitus) [90] was set up in order to determine
whether chronic hepatitis can impact the metabolic status in a similar manner that a well-
studied and acknowledged periodontal comorbidity like diabetes mellitus does. The results
showed that the metabolic status of HCV periodontal patients was different, similar to the
changes that diabetes had caused on the metabolic status of periodontal patients. HCV
patients could be more reluctant to seek dental treatment or could face a hesitant attitude
among dental practitioners to perform complex surgical or rehabilitation treatments, due to
the elevated risk of infection transmission. This opinion is enforced by a study showing that
HCV patients exhibited a less favorable dental health status than a control group, with higher
numbers of dental carries and missing teeth, but lower dental maneuvers such as fillings,
crowns, or bridges [91].

As it has been previously suggested [68, 75, 76], the possible connection between periodontal
disease and chronic hepatitis C becomes more than plausible. It seems that, given the holistic
perspective on the pathogenic mechanisms of the human body, any disruption of its homeo-
stasis caused by inflammatory processes ongoing even in distant territories like the periodon-
tal and liver tissues has a general impact that reverberates across the entire biological structure
and becomes relevant in terms of clinical manifestation. This aspect can help specialists to get a
better understanding of the common pathophysiological mechanisms that govern these condi-
tions and to provide better treatment strategies with a wider systemic perspective. Obviously,
the matter still requires further scientific effort and research to provide comprehensive expla-
nations to the issues that need to be addressed.

8. Conclusion

The periodontal implications of HCV impact the factors that favor the onset of periodontal
inflammation such as the host immune response. The clinical manifestations of the periodontal
disease (like gingival bleeding) influence the presence of the viral RNA molecules in the
gingival fluid and saliva. Generally, hepatitis C patients can exhibit an impaired level of oral
health and seek limited dental care, therefore creating additional premises for the onset of
periodontal damage. These implications need to be further taken into consideration by both
periodontists and hepatologists, in order to provide better oral health and health outcomes for
their patients.
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Abstract

The goal of this study was to identify the baseline host and viral factors of response to
antiviral therapy in patients with chronic hepatitis C. Compared with interferon/ribavirin
therapy, new current direct-acting antiviral (DAA) combination regimens significantly
increased rate of sustained virologic response (SVR) and shorter treatment durations, but
is still limited by viral resistance, adverse effects, and high cost especially in developing
countries. Human genetic factors and heterogeneity within the HCV genome may be
associated with virologic treatment failure before and after antiviral therapy. Further,
HCV infection may contribute to the development of HCV-related liver disease and
hepatocarcinogenesis, through modulating genetic and epigenetic state of certain genes
implicated in control of critical cellular pathways. Previous results confirm the impor-
tance of host and viral factors and virus-induced genetic and epigenetic changes in pre-
dicting outcome and treatment response.

Keywords: hepatitis C virus, response to therapy, IFN-based antiviral therapies, direct-
acting antiviral (DAA) agents, genetic variability, liver fibrosis, hepatocarcinogenesis,
epigenetic changes

1. Introduction

Chronic hepatitis C virus (HCV) infection with the estimated worldwide prevalence of 1.1%
is a global health problem, affecting 170 million people worldwide [1, 2]. About 15-45% of
infected persons spontaneously clear the virus without any treatment, but remaining 60-80%
will develop chronic HCV infection leading to fibrosis, cirrhosis and/or hepatocellular
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carcinoma (HCC) [1, 3]. Previous results suggest that, worldwide, there were 1.75 million new
HCV infections and annually an estimated 700,000 persons with chronic HCV die untreated
[1]. Until 2014, the standard of care to treat HCV infection was pegylated interferon and riba-
virin (PEG-IFN and RBV). However, first generation of (DAAs) NSA3/4A protease inhibitors
(PI) were boceprevir and telaprevir, administrated with PEG-IFN and RBV [1]. These protease
inhibitors were limited by viral resistance, adverse effect and long treatment duration and
high cost especially in development countries [4]. The standard care of therapy is changing
rapidly and new (DAAs) therapy such as sofosbuvir, daclatasvir, and the sofosbuvir/ledipas-
vir combination are part of the preferred regimens in the WHO guidelines with achieve cure
rates above 95%. In comparison with older therapies, new therapy is more effective, safer, and
better-tolerated with shorter treatment (usually 12 weeks), but high prices of the medicines
limit the expansion of HCV in many countries [1]. However, challenges remain in optimiz-
ing current drug regimens, limiting the problem of resistance mutations and promote indi-
vidual therapy [5-7]. Treatment predictors are important factors for management of therapy
in patients with chronic hepatitis C infection.

1.1. Host and virus-related factors associated with response to therapy

Previous studies indicated that baseline host and virus related factors such genotype, viral
load, age, gender, stage of liver fibrosis, and IL28B (interleukin-28B) polymorphisms were asso-
ciated with therapy outcome [8-16]. Among viral factors, HCV genotype and baseline level of
HCV-RNA are significant determinants of treatment outcome. Sustained virologic response
(SVR) was defined as undetectable levels of HCV RNA, 24 weeks after cessation of treatment.
Rapid virologic response (RVR) was defined as undetectable levels of HCV RNA at 4 weeks.
Early virologic response (EVR) was defined as undetectable levels of HCV-RNA at week 12
(complete EVR) or >2 log reduction in HCV viral load from baseline (partial EVR), while non-
response NR was defined as detection of serum HCV RNA 6 months after cessation of treat-
ment. Thus, RVR is a strong predictor of SVR, but absence of an EVR is significant predictor
for non-response (NR) to antiviral treatment. Moreover, viral kinetics during therapy provides
information on how to individualize treatment [16, 17]. It is known that stages of liver fibro-
sis may be associated with response rates to PEG-IFN/RBV therapy. Further, patients with
advanced liver fibrosis (METAVIR score F3-F4) were more frequently in non-responders (NR)
than in patients with minimal or mild fibrosis (F0-F2), especially in patients with genotype 1 [8,
12, 18]. According to the previous results, infection with genotypes 2 or 3, younger ages, lower
baseline viral load, and absence of advanced fibrosis were all strong predictors of SVR. Since
2011, therapeutic regimens for HCV genotype 1 patients were modified. Combination of
NS3/4a protease inhibitors and pegylated interferon and ribavirin improved the SVR rates [19].
However, boceprevir- and telaprevir-based regimens are associated with side effect and lower
efficacy than the newer DAA therapies. Also, this therapy is effective only in patients with gen-
otype 1[1, 20]. With respect to host and viral factors and first generation DA As, viral kinetics is
the most important predictive factor of SVR. The IL28B was associated with greater chances to
shorten therapy but there is no correlation with SVR [8]. Second-generation DA As have higher
rates of SVR, are safer and can be used in combinations that obviate the need for interferon and
ribavirin [1]. However, failure to new DAAs combinations is in association with patients with
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poor response, genotypes 1a or 3, advanced liver cirrhosis, elevated level of viral load and the
presence of human immunodeficiency virus (HIV) coinfection [21]. In contrast, some authors
suggest that therapy outcomes are not significantly influenced by IL28B polymorphisms, HCV
genotype, high baseline viral load, or prior interferon failure [22]. In the era of DAAs, surveil-
lance of HCC after eradication of HCV by antivirus therapy is particularly important. Current
new therapies with DA As are associated with high rates of SVR, generally exceeding 90% even
among patients with cirrhosis or prior treatment failure. Therefore, understanding of various
host and viral factors associated with disease progression and development of HCC in chronic
hepatitis C infection is important for implementing personalized treatment. One of the most
interesting current questions concerns the impact of DAAs on HCC incidence [23].

1.2. HCV-host interactions and host genetic alterations

In the specific environment of every host, the outcomes of the HCV infection will be different.
There are many factors which influence the therapy outcome and progression of liver disease.
These factors include baseline clinical and pathohistological parameters. Also, host genetic
landscape has effects on therapy outcomes and development of liver disease phenotypes.
Genome-wide association studies (GWAS) have been created to track genetic polymorphisms
in the human genome which associate with, virus clearance, therapy outcomes, and different
stages of liver disease. Thus, this kind of the genome screening could be a useful tool in the
diagnostics and the therapy of hepatitis C, and could lead to a personalized therapy.

1.2.1. Role of interferons (IFN) in HCV infection

HCVinfectioninducesproductionofinterferonsA (IFN-A).IFN-Asbind tolFNLreceptors(IFNLR)
activating JAK-STAT signaling pathway which induces expression of ISGs (interferon-
stimulated genes). The IFNLR is a heterodimer, consisting of two subunits, IL10R2 and
IL28RA. There are four IFN-As described so far: IFNL 1-4. The gene loci for these proteins are
located on the chromosome 19. Study of GWAS has revealed polymorphisms in IFNL gene
loci, which are in association with HCV clearance, either spontaneous or therapy-induced.
Previously it was shown that single nucleotide polymorphisms (SNPs) near IL28B (rs12979869
and rs8099917) were strongly associated with response to PEG-IFN/RBV therapy in patients
with genotype 1 and with spontaneous virus clearance [24-27]. In the neighborhood of ILR3, a
novel dinucleotide polymorphism, ss469415590 (TT/AG), has recently been discovered which
is in high linkage disequilibrium with rs12979869 and participate in formation of a novel gene
IFNL4. The IFNL4 gene creates IFNL4 protein, but TT variant of ss469415590 does not form
the protein [28]. The TT variant has been shown to be beneficial to its carriers because it influ-
ences the spontaneous and therapy-induced virus clearance [26]. Among people of African
ancestry, the polymorphism ss469415590 is in stronger association with virus clearance than
the rs12979869 [28]. There are two variants of IFNL4 protein with impact on antiviral activ-
ity, which differ in only one amino acid at the place 70. The carriers of the variant with serine
(P70S) have better therapy response and higher spontaneous virus clearance rate compared
to carriers of the variant with proline. However, the expression of ISGs in the variant P70S
is decreased, which is in discrepancy with its better antiviral activity. The researchers have
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speculated this is probably due to decreased adaptive immunity as the consequence of high
expression of ISGs in carriers of IFNL4-P70 variant [28]. The genes of human leukocyte antigen
(HLA) family located on the chromosome 6 are associated with clearance of HCV infection.
Some authors found that this connection is inconsistent, because of different systems of HLA
typing, clinical phenotypes, and ethnic backgrounds. The only polymorphisms of HLA genes
which are confirmed so far to have an association with virus clearance are HLA-DQB1*03
and HLA-DRB1*11 [29-32]. The receptors of natural killer (NK) cells Killer-cell immunoglob-
ulin-like receptors (KIR) and their corresponding ligands, HLA class 1 proteins, also have
a role in the immune response. Studies of the association of the polymorphisms of KIR and
HLA-C and virus clearance have given controversial results. In some studies, the carriers of a
KIR2DS3 (killer cell immunoglobulin like receptor, two Ig domains and short cytoplasmic tail
3) and homozygosity for HLA-C1 were associated with spontaneous virus clearance [33, 34].
Polymorphisms of some other genes coding for the proteins which have a role in the immune
response have also been shown to correlate with spontaneous/therapy-induced virus clear-
ance. One of these genes is the gene for osteopontin which initiates T helper cells type 1
response, and has been shown to associate with the sustained viral response after the IFN
therapy [35, 36]. Today, the role of the host genetic variability has been reduced due to high
efficacy of new era interferon-free antiviral therapy. However, the high cost of this therapy
limits its availability to the developed parts of the world.

1.2.2. The influence of host genetic alterations on the progression of liver fibrosis in chronic
HCV infection

On the other hand, the host genetic variability has a significant role in the formation of dif-
ferent liver phenotypes. The phenotypes, such as fibrosis, steatosis, cirrhosis, or hepatocel-
lular carcinoma (HCC) are the consequence of virus infection and disease progression. The
polymorphisms of the immune response genes have effect on disease progression or inhibi-
tion. For example, the patients with chronic hepatitis C, which carry rs12979860CC variant,
have higher fibrosis progression rate. This effect is even more pronounced in the younger
females and in the carriers of the HCV type 3 [37]. The polymorphisms of apoptosis-related
genes MERTK (MER proto-oncogene, tyrosine kinase), TULP1 (tubby like protein 1) and RNF
(ring finger proteins) gene family have association with the progression of the HCV-related
fibrosis [38] and the genes of the major histocompatibility complex (MHC) with cirrhosis [39]
and HCC [40]. However, these results need confirmation in the further research. Although
having some potential, GWAS studies have many flaws. One of them is the impossibility
of the screening of more extensive genetic changes, e.g., copy number variation (CNV) and
epigenetic events, which also take part in the disease progression and the therapy response.
Methodological failure is that these studies use conservative significance thresholds to elimi-
nate false positive signals and many significant polymorphisms of low frequency could be
unregistered, as reviewed in [41]. All discovered polymorphisms so far are currently not
applicable to the clinical classification of the liver disease, because of their low predictive
value. One of the possible solutions is the formation of the polygenic scores. For example,
there is an earlier study which resulted in the formation of cirrhosis risk scores (CRS) based on
the gene signature of seven genes [42]. In another study, a prediction model for liver fibrosis
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was based on gene polymorphisms. This model includes polymorphisms of IFNL and clinical
risk factors, which taken together give a risk for liver fibrosis [43]. Based on the fibrosis/cirrho-
sis risk score, therapy decisions can be made. Chronic inflammation and cirrhosis of hepatic
cells lead to HCC. Hepatocellular carcinoma is the one of the deadliest type of cancer in the
world. It represents a heterogeneous disease consisting of many tumor subpopulations with
different frequencies of mutated genes. There are several genes which are affected, during the
HCC progression, either by genetic or epigenetic alterations. In recent studies, the alterations
of the TERT (telomerase reverse transcriptase), CTNNBI (catenin beta 1), TP53 (tumor protein
p53), and AXINT1 (axin 1) genes are shown to correlate with tumor progression [44, 45]. TERT
promoter mutations have been present in 64% of HCV-related HCC [44]. TERT is a subunit
of the telomerase enzyme, whose mutations lead to telomere shortening and uncapping of
chromosomes, which then leads to chromosome fusion and general chromosomal instabil-
ity. TERT mutations and silencing of CDKN2A (cyclin dependent kinase inhibitor 2A) gene
by promoter hypermethylation are the events that coincided [46]. It seems that TERT muta-
tion is an early event in the cancerogenesis [45]. Frequent CTNNBI mutations have also been
observed in HCV-related HCC [46]. There were attempts to classify HCC based on genetic
signatures. The genetic signature represents one gene or a collection of genes, with charac-
teristic expression profile, which is confirmed to be specific for the diagnosis, prognosis, and
treatment response prediction [47]. Genetic signatures could be the means of classifying HCC
in the groups which would facilitate diagnosis and therapy decisions. In the first attempt to
make a molecular model for a diagnosis of an early HCC in the HCV patients, the best accu-
racy was achieved using the signature of three genes LYVE1 (lymphatic vessel endothelial
hyaluronan receptor 1), GPC3 (glypican 3), and BIRC5 (baculoviral IAP repeat containing
5). The TERT gene and E-cadherin were also shown to be informative in that model [48]. One
European study revealed molecular signatures of 243 HCCs, based on fibrosis and cirrhosis
score, and various risk factors, among which HCV was present in 26% of the cases. However,
this study did not find any associations of these molecular signatures with HCV infection [45].
Cancer Genome Atlas Research found 26 frequently mutated genes in HCC. They identified
ALB (albumin), APOB (apolipoprotein B), LZTR1 (leucine zipper like transcription regulator
1), EEF1A1 (eukaryotic translation elongation factor 1 alpha 1), SMARCA4 (SWI/SNF related,
matrix associated, actin dependent regulator of chromatin, subfamily a, member 4), AZIN1
(antizyme inhibitor 1), RP1L1 (retinitis pigmentosa 1 like 1), GPATCH4 (G-patch domain con-
taining 4), CREB3L3 (cAMP responsive element binding protein 3 like 3), AHCTF1 (AT-hook
containing transcription factor 1) and HISTIHI1c (histone cluster 1 H1 family member c) gene
mutations. Additionally, this study used methylation profiles, based on which the HCC
were divided into four methylation clusters. The fourth cluster was characterized by high
frequency of CTNNB1 and TERT mutations, CDKN2A promoter hypermethylation and pres-
ence of HCV infection [46]. Besides smaller genetic changes, the changes which encompass
bigger regions of DNA such as deletions, insertions, copy number variations, loss of hetero-
zygosity also have a role in the HCC progression. All of these changes alongside hyper and
hypomethylation lead to general chromosomal instability, which is prerequisite for tumor
progression. There are examples of the direct influence of HCV on host genomic instability.
HCV protein NS5A interacts with host gene ASPM (abnormal spindle microtubule assembly),
which regulates mitotic spindle formation, causing interruption of the cell cycle, eventually
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leading to chromosomal instability and HCC [49]. HCV Core protein induces polyploidy
by decreasing of retinoblastoma-associated protein expression, thereby influencing mitotic
cycle checkpoint, which also leads to chromosomal instability [50]. In addition, interaction of
NS3/4A with serine protein kinase, which has a role in the cell cycle, leads to disabling cell
repair system [51]. The polymorphisms in the host genome have effect on therapy response,
virus clearance, and differentiation of HCV-induced liver phenotypes. The genetic signatures
in the host genomes could be the means of therapy decisions making, and a way to personal-
ize therapy. However, some other factors, such as epigenetic events and alterations of larger
DNA regions, should also be taken into an account.

1.3. Impact of hepatitis C virus heterogeneity on therapy outcomes

The persistence of hepatitis C virus (HCV) infection and its poor susceptibility to treatment
have been attributed, at least in part, to the high rate of genetic variability exhibited by the
virus.

The persistence of HCV infection and its poor susceptibility to treatment is the consequence
of high rate of virus genetic variability. Variability of virus is due to the low fidelity of viral
RNA-dependent RNA-polymerase, which lacks proof-reading capacity, thus allowing the
generation of quasispecies. Genetic variability is segregated within particular segments of
the HCV genome, resulting in a number of highly variable regions [52]. These quasispecies
play an important role in the escape from selective pressures by immune responses and
antiviral therapies. A decrease or no change in the number of nucleotides substitutions in the
protein kinase (PKR) binding domain (PKRBD) and the interferon-sensitivity-determining
region (ISDR) were associated with failed to respond to PEG-IFN/RBV treatment [53]. It was
reported that the presence of >4 mutations in the PKRBD region of NS5A protein was cor-
related with SVR to peg-IFN/RBV therapy [54]. Moreover, PKRBD sequences might be used
as a prognostic guide for treating HCV-1-infected patients [54, 55]. Absence of substitutions
at positions 70 and 91 in Core protein is a significant predictor for the success of IFN-based
therapy [54]. On the other side, amino acid substitutions in the Core protein play an impor-
tant role in early dynamics of viral replication during IFN-based therapy in chronic HCV
infection and more frequent occurrence HCC. With respect to new DAAs therapy, efficacy
of NS5A inhibitors can be blocked by presence of NS5A resistance-associated substitutions
(RASs), but choice of DAA regimen and duration of therapy depends on multiple viral and
host factors.

2. Epigenetic changes in HCV-induced liver diseases

Persistentinfection with HCV isassociated with the development of chronicliver diseases: fibro-
sis, cirrhosis and ultimately, HCC [56, 57]. Prevention of chronic hepatitis C and its complica-
tions is based on antiviral therapy and early detection of reliable molecular markers in persons
under the risk [57, 58]. However, current antiviral therapies are not effective in many patients
with chronic hepatitis C, so there is a need for a greater understanding of the factors leading
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to progression to HCC in order to design novel approaches to prevention of HCV-associated
complications [59]. Here, we discuss the current knowledge about the inter-relationship
between HCV and pathophysiology of HCV-associated chronic liver diseases, with particular
focus on the virus-induced host epigenetic changes leading to hepatocarcinogenesis.

2.1. Hepatocellular carcinoma

According to epidemiological evaluation, HCC is the fifth most common cancer and the second
most common cause for cancer death in the world [60]. Although the prognosis of patients with
HCC has marginally improved over the last few decades, the five-year survival rate remains
poor as a result of late diagnosis. Consequently, the majority of patients with advanced HCC do
not survive for longer than 6 months from the time of diagnosis [61]. It has been shown that in
chronically infected patients, the risk of developing HCC is strictly correlated to fibrosis stage,
and the incidence of HCC is more frequent in patients with liver cirrhosis than in those with mild
fibrosis [62]. SVR to IFN-based therapies decreases HCC incidence in a large number of HCV
patients, indicating the importance of eradicating the virus to prevent carcinogenesis [63, 64].
However, despite a successful virus clearance, the risk of HCC still exists in individuals with
severe fibrosis and continuous HCC monitoring is recommended [65]. So, it is of great impor-
tance to determine molecular markers of progressive fibrosis, that could indicate the chronically
HCV infected persons under the risk of developing HCC [66, 67]. HCV-induced hepatocar-
cinogenesis is a multifactorial process which results from a complex interaction among host,
environmental, and viral factors [67]. It is considered that at least three host cellular pathways
are affected in this process: cell cycle, proliferation, and apoptosis [68]. As HCV is an RNA virus
with limited integration of its genetic material into the host’s genome, it was first assumed that
its ability to transform hepatocytes is linked to indirect mechanisms. Chronic inflammation
induced by viral infection results in a permanent degenerative and regenerative processes and
occurrence of progressive fibrosis and cirrhosis [69-71]. In addition, chronic inflammation leads
to increased levels of reactive oxygen species (ROS), which damage hepatocytes and can lead to
accumulation of genetic and epigenetic alterations in hepatic cells [67, 72]. All these events can
promote neoplastic transformation of hepatocytes and the progression of malignant clones [73].
Later studies have shown that HCV is directly involved in hepatocarcinogenesis, through direct
action of viral proteins on host tumor suppressors and proto-oncogenes [74, 75]. Several viral
proteins have been shown in vitro to possess functions that could favor hepatocarcinogenesis,
through inducing genetic and epigenetic alterations. In particular, the Core protein, NS3, NS4B
and NS5A can transform various cell lines, either alone or in cooperation with oncogenes [76-
80]. These proteins interact with a number of host factors and signaling pathways leading to the
progression from chronic hepatitis C to liver cirrhosis and HCC [68].

2.1.1. Epigenetic changes in HCV-induced HCC

Many lines of evidence suggest that aberrant epigenetic changes associated with viral infec-
tion may trigger events that promote the neoplastic transformation of hepatocytes [59, 73].
Epigenetics is defined as heritable state of gene expression without altering DNA sequen-
ces. Epigenetic mechanisms include genomic DNA methylation, chemical modifications
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of histone tails, and non-coding miRNA regulation [81]. Epigenetic changes play a critical
role in control of cellular processes through switching genes on and off, thus leading to dif-
ferential expression of proteins [82]. HCV infection has been shown to induce or correlate
with some epigenetic changes that may contribute to HCV-related liver diseases, including
hepatocarcinogenesis [68]. It has been proven that certain HCV-encoded proteins induce
promoter methylation of multiple genes, thereby affecting their expression [83, 84].

2.1.2. Host genes promoter methylation induced by HCV

DNA methylation represents the addition of methyl group (CH,) to a fifth carbon of cytosine
residues within a CG dinucleotide, frequently referred to as cytosine-guanine dinucleotide
(CpG). DNA methylation is an essential component of epigenetic machinery that regulates
transcriptional state of many genes. Methylated promoters often lack transcriptional activ-
ity, which could result in gene inactivation. As a transcriptional regulator, DNA methyla-
tion has a considerable impact on the development of many cancers, including HCC [81, 85].
Aberrant promoter hypermethylation of tumor suppressor genes involved in the cell prolif-
eration, apoptosis, cell adhesion, DNA repair, and detoxification is frequently detected in
HCC, resulting in loss of the corresponding gene function [86, 87]. It is believed that changes
in DNA methylation patterns are early events in hepatocarcinogenesis and they can even
occur at the early stages of HCV induced liver fibrosis [88]. This is supported by the results of
the study conducted by Zekri et al., in which they demonstrated that methylation of certain
host genes increase with liver disease progression, from fibrosis to HCC [89]. Moreover, the
same group of authors has been shown that methylation of certain tumor suppressor genes
affect the response to the antiviral therapy [90]. Considering this, a better understanding of
methylation changes and how they correlate with disease progression will help in finding
novel biomarkers for early detection of HCC and its prevention.

2.1.3. HCV-encoded proteins inducing host genes methylation

It has been demonstrated that HCV Core protein up-regulates levels of DNA methyltransfer-
ase (DNMT) 1 and 3b and induces promoter hypermethylation of tumor suppressor genes
like p16 (CDKN2A) and E-cadherin [91, 92]. Consequent inhibition of p16 expression results in
inactivation of pRb (retinoblastoma protein) and subsequent activation of E2F transcription
factor 1 (E2F1), which lead to growth stimulation of hepatocytes. Inactivation of p16 tumor
suppressor gene, that regulates cell cycle, appears to play an important role in the pathogenesis
of HCC. It has been demonstrated that reactivation of p16 by transferring the p16 gene can
inhibit the proliferation and reduce the invasive ability of HCC cells [93]. Down-regulation
of E-cadherin by Core-induced hypermethylation leads to epithelial-mesenchymal transition,
cell detachment from the surrounding matrix, and migration outside of the primary tumor
site, which is known to be a critical event during the late stage of carcinogenesis [94]. Besides
these, methylation of some other tumor suppressor genes, like suppressor of SOCS-1 (cytokine
signaling 1), GSTP1 (glutathione S-transferase pi 1), APC (adenomatous polyposis coli), and
RASSF1A (Ras association domain family member 1), has been detected in HCV-associated
HCC compared normal liver [95, 96]. Abnormal promoter methylation of most of these genes
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was detected in the plasma/serum DNA as well as in the tissue DNA of HCC patients, which
gives opportunity for designing noninvasive blood tests for detection of methylation markers
and to distinguish HCV patients who will eventually progress to advanced stages of fibro-
sis [97]. Zhang et al. reported that the analysis of methylation status of RASSF1A, p16, and
p15 (cyclin-dependent kinase inhibitor 2B, CDKN2B) in serum DNA of infected people could
be a valuable biomarker for early detection of HCC in the populations at high risk, includ-
ing chronic HCV infection [98]. Iyer et al. recorded high frequencies of p15, p16, APC, FHIT
(fragile histidine triad), and E-cadherin promoter methylation in the plasma and liver tissue
of HCV-associated HCC patients, with high concordance for all examined genes [99]. Zekri
et al. have shown that methylation of MGMT (O-6-methylguanine-DNA methyltransferase)
gene can be used as a predictor of response to the antiviral therapy, while RASSFIA methyla-
tion status could be a marker of fibrosis severity [90]. As authors reported, promoter methyla-
tion of MGMT gene appeared at higher frequencies in the NR than in the responders, which
was explained by the fact that MGMT has an important role in protecting cells against DNA
damage, via triggering DNA repair mechanisms [100]. On the other hand, the same group of
authors has shown that RASSF1A methylation was significantly higher in HCV patients with
mild fibrosis, which support the role of an intact RASSF1A gene in inducing the fibrogenesis
in chronic HCV patients [90]. Another study by Hayashi et al. reported that HCC patients with
SVR have different molecular alterations compared to NR with continuous HCV infection [101].
This group of authors observed lower frequencies of p16, RB1 (RB transcriptional corepressor
1) and PTEN (phosphatase and tensin homolog) genes promoter hypermethylation in patients
with SVR, while methylation of p15 and p14 (ARF tumor suppressor) genes was not detected
in this group of patients, compared to those with the present HCV infection. Interestingly, p16
methylation was detected with the highest frequency in the both groups, suggesting important
role of p16 gene in the development of SVR-HCC. Authors speculated that p16 in hepatic stem
cells might be methylated in the continuous presence of HCV. These cells with methylated p16
gene might survive and grow after eradication of HCV by IFN therapy. In addition, despite an
improved understanding of mechanisms leading to HCV-induced HCC and development of
highly potent antiviral therapy, HCV-related HCC remains a global health problem. The devel-
opment of valuable molecular biomarkers will be of a great importance to distinguish a group
of HCV infected people with a high risk for hepatocarcinogenesis. Based on the studies con-
ducted so far, genomic DNA methylation could function as a non-invasive, sensitive, and spe-
cific biomarker for prediction the response to the antiviral therapy and early detection of HCC.

2.2. MicroRNA biogenesis and function

MicroRNA (miRNA) are non-coding genetic elements participating in the regulation of gene
expression by RNA interference in plants and animals, while in human cells, are associated
with viral infection, as well. According to The Encyclopedia of DNA Elements (ENCODE),
approximately 75% of the human genome transcribes into a various types of RNA molecules,
coding and non-coding [102, 103]. Among non-coding RNA (ncRNA), miRNAs emerged as
biologically, physiologically, and clinically significant, considering the fact that they silence
translation of partially complementary target messenger (mRNA) molecules. MicroRNAs
participate in the regulation of gene expression by RNA interference. In the last 15 years,
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miRNAs were linked with various types of diseases and disorders, and majority of investi-
gations were based on the changes in their expression levels. MicroRNAs are encoded by a
miRNA gene, which transcribes into an immature-primary microRNA (pri-miRNA) mole-
cule, a double stranded, hairpin-like genetic structure. Then, two enzymes-RNase endonucle-
ase III Drosha, and DGCRS8 (molecular anchor part of a microprocessor complex), transform
pri-miRNA into a 70 nucleotides (nt) long precursor microRNA (pre-miRNA) in the nucleus
[104]. The process of miRNA maturation occurs in the cytoplasm, where Dicer or Argonaute
(Ago), and other protein-partners, cooperators cleave pri-miRNA into a 22 nt long miRNA,
ready to be recognized by RNA-induced silencing complex-RISC [105, 106]. The recognition
and binding of miRNA “seed” sequence to 3' untranslated region (3'UTR) of target mRNA
incompletely complementary with “seed” region at miRNA molecule results in either trans-
lational repression, or mRNA degradation. Translational repression and degradation result
in the decrease of protein levels, thus changing genetic, biological, and physiological pro-
cesses, activity of various signaling pathways. So, main characteristic of miRNAs is to regu-
late amounts of synthesized proteins [107]. miRNAs are present in every human cell, and
in body fluids (as circulating), such as serum, plasma, urine, saliva, and even gingival lig-
uid. MicroRNA circulates through the body via body fluids as free-circulating miRNAs, and
packed into the exosomes and vesicles, as exosomal miRNAs. Extracellular, exosomal circu-
lating miRNAs may carry over the information about disease progression, infection status,
and other clinic pathological parameters of HCV infection and HCC formation and progres-
sion, but it is still not completely clear. Liver-specific miRNAs such as miR-122 and miR-192,
may be released from damaged liver cells, providing the information about liver. Exosomal
and circulating miRNAs, as well as miRNAs extracted from tissue may be involved in inter-
cellular communication. Besides the fact that nearly 300 miRNAs are expressed in normal,
healthy liver, miR-122 represents the major fraction of liver-specific miRNAS, together with
miR-192, miR-199a/b-3p, miR-101/99a, and members of oncogenic let-7 family [108].

2.2.1. MicroRNA in HCV infection and HCC

MicroRNAs are described as onco miRNAs, some of them as tumor suppressive, and several
of them even have dual role in cancer pathogenesis and presumably in other physiological
processes and pathological condition [109]. During the HCV infection, onco miRNAs such
as miR-21/155/221 activate and might cause formation and facilitate progression of HCC. On
the other hand, the decrease of some tumor suppressive miRNAs during the HCV infection
might also cause hepatocarcinogenesis, such as miR-198 [110]. Firstly, some miRNAs directly
interact with the genome of HCV. Secondly, several miRNAs are potential biomarkers of the
presence or progression of the HCV infection. Thirdly, several miRNAs are indicators of HCC
formation and/or progression. Fourthly, there are miRNAs associated with HCC genotype and
clinicopathological characteristics of infected patients and histopathological characteristics of
tumors, while some miRNAs such as miR-134/320c/483-5p may be used as early biomarkers
for HCV infection in the future. Finally, some miRNAs, such as miR-122 represent potentially
great targets for future therapeutics in the aspects of treatment of HCV-associated liver dis-
eases and HCC. Large numbers of different studies have recently been focused on miRNAs in
a different points related to different points of HCV infection, i.e., replication of the virus, viral
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genotype, response to HCV therapy, lipid status, liver function indicators, stage of liver fibrosis,
HCC grading, and response to chemotherapy. Changes in the expression levels of miRNA sev-
eral micro RNAs such as miR-21/122/134/141/155/192/199/221/320c/373/483-5p/491/758, let-7b,
etc., are associated with different stages of the viral life cycle and the progression of infection
[111]. Circulating miRNAs, miR-122, and miR-222 have been shown to be valuable as poten-
tial future diagnostic tool for HCV infection within the Egyptian patients [112]. Upregulated
miR-10a/15a/17-5p were associated with HCV-related HCC, miR-122 was characterized as
potential diagnostic tool for HCC within HCV-infected individuals, while overexpression of
miR-221/222-3p was characteristic exclusively for HCV-related HCC [108]. MicroRNA 122 is
a liver-specific miRNA, a regulator of HCV tendency to infect hepatic cells. miR-122 is cru-
cial for efficient HCV infection and viral spread and speed up the replication of the virus in
hepatocytes, and facilitates viral protein synthesis [113]. Besides miR-122, as the mostly studied
miRNA in HCV-HCC patients that recognizes two different sites at HCV 5'UTR, increased
levels of miR-448 and miR-196 attenuate HCV replication by binding to the Core and NS5A
sequences of the HCV genome [114]. Secondly, some miRNAs, such as miR-199a have opposing
characteristics during the HCV infection. Namely, miR-199 targets sequences of HCV genome
and blocks the transcription of HCV RNA [115]. Thirdly, during the HCV infection, miR-155 is
usually up-regulated. Higher levels of the well-known onco-miRNA, miR-155 induce prolifera-
tion of hepatocytes, increasing the chance of HCC formation [116]. For example, changes in the
expression levels of miRNAs such as miR-134/320c/483-5p were shown to be significantly higher
within the HCV-infected individuals, compared with healthy controls. In our previous article,
we described heterogeneity in behavior of microRNA in cancer studies [109, 117]. Another evi-
dence is supporting our observation on the importance to notice how level changes of the par-
ticular miRNA can be important for one event, while having no significance for another similar
event, related to the same type of the disease or pathological condition, showing high specificity
of some miRNA molecules. Namely, miR-20a/92a levels investigated in the sera of the patients
having HCV-related liver disease were associated with the disease severity, and the higher
grade of liver fibrosis, while levels of the same miRNAs have not shown any association with
grade of liver fibrosis and other pathological characteristics examined within the patients with
non-HCV-related liver diseases. Another example of involvement of miRNAs in various seg-
ments of HCV-HCC pathology, HCV proteins change levels of miR-193a that results in reduc-
tion of sensitivity to chemotherapy of HCC patients [118]. Furthermore, in our article related to
the heterogeneity of miRNAs. According to several researches, it has been shown that miR-122
may be anti-tumorigenic properties in mice knockdown studies [119].

2.2.2. MicroRNA as future therapeutics for HCV and HCC

Considering the fact that several miRNAs can modulate expression of up to a dozens or even
hundreds of target genes, it is not surprising that miRNA-based therapy is still challenging.
Nevertheless, this multi-targeting ability also represents an advantage for future miRNA-
based therapeutics. There are two major approaches for future miRNA-related therapeutics
miRNA inhibition (Lock nucleic acid (LNA) anti miRNAs, antago miRNAs, miRNA zippers,
small molecules inhibitors of miRNAs, and miRNA sponges) and miRNA substitution strate-
gies (miRNA mimics and miRNA vectors), with the purpose to either silence miRNA activity
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or to replace absent miRNA molecules [109, 110]. Several studies proposing that miRNA pan-
els could be used in near future as biomarkers for screening of the HCV-related liver diseases.
The changes in their expression levels were associated with staging of liver disease progres-
sion and anti-HCV therapeutics [108]. Probably, manipulation with several miRNAs at the
same time might be crucial in treatment of HCV-HCC. For example, inhibition of upregu-
lated miRNAs involved in viral replication, such as miR-122, simultaneously with miRNAs,
in combination with inhibition of miRNA such as miR-155 which promotes cancerogenesis,
or mimicking miRNA whose under expression helps HCV replication, and mimicking down-
regulated miRNA with tumor suppressive function in HCC.

3. Nomenclature

The Family: Flaviviridae, Genus: Hepacivirus, species: Hepacivirus C.

(Guidelines of the International Committee on Virus Taxonomy (ICTV) https://talk.ictvonline.
org/)

4. Conclusions

Chronic HCV infection ultimately leading to HCC will remain a global health problem in
the coming decades. Despite increasing knowledge regarding mechanisms of HCV-induced
HCC, prevention of HCV-induced HCC is not yet fully established. So, it is important to
define both viral- and host genetic and epigenetic patterns on the onset of infection and in
early and advanced stages of inflammation and fibrosis in order to predict response to the
antiviral therapy, and thus avoid potential complications of persistent HCV infection. Further,
for screening a population and making a correct diagnosis about the presence of infection, it
is necessary to use standardized commercial tests with universal values and analyze homog-
enous group of patients. Despite new DAAs therapy, this virus remains unbeatable. When
the heterogeneity of the HCV virus, the host genetic and epigenetic variability, and the differ-
ences in the therapy outcomes are taken into account, the only right way to fight this disease
is personalized therapy.
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Abstract

Hepatitis C virus (HCV) infection is one of the major reasons for causing chronic hepatic
disease worldwide. Treatment options for patients infected with chronic hepatitis C
(CHC) have effectually ameliorated over the last few years. Now, various novel antiviral
drugs have been licensed for its treatment. Introduction of direct-acting antivirals (DAAs)
for HCV therapy represents a major advancement with regard to sustained virologic
response (SVR) rates and associated adverse effect (AEs) profiling. Systematically, DAAs
specifically impede different nonstructural proteins of HCV including NS3/4A prote-
ase, NS5A protein, and NS5B polymerase. In spite of those DAAs, therapy is confront-
ing multiple challenges such as possible drug-drug interactions and severe side effects
including liver failure. This chapter discusses the safety and tolerability of DAAs rel-
evant to associated side effects emphasizing their clinical pharmacology. Considering the
increased HCV prevalence rate and interpreting safety data of DAA regimens approved
in the USA, Europe, Russia, Australia, and Japan, this chapter also presents the pre- and
post-marketing safety data. Eventually, the important safety issues of drug-drug interac-
tions (DDIs) have also been discussed in brief.

Keywords: hepatitis C virus, direct-acting antivirals, safety, tolerability, side effects

1. Introduction

Hepatitis C virus (HCV) infection, one of the major elements of liver disease worldwide [1],
can cause both acute and chronic infections. Acute infection may follow an asymptomatic con-
dition as well as self-limited hepatitis. Almost 15-45% of HCV-infected patients impulsively
clear out the virus within 24 weeks of infection without getting any treatment. The remaining
55-85% of patients develop chronic infection; out of them 15-30% come across the risk of liver
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distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



164  Hepatitis C - From Infection to Cure

cirrhosis within 20 years [2, 3]. Hepatitis C infection may cause liver histological changes, per-
vasive fibrosis, and cirrhosis with or without hepatic carcinoma. Furthermore, HCV infection
may be associated with higher risk of cardiovascular disease [4, 5]. Advanced liver disease
may lead to liver transplantation worldwide predisposing patients to a wide variety of clini-
cal manifestations, thus progressing to liver-related mortality in due sequel [6]. Viral genome
sequences are highly variable. About 11 different genotypes have been discovered so far hav-
ing 30-50% nucleotide sequence variation; however, six genotypes are more prevalent in dif-
ferent regions. HCV genotype 1 is the most common among them representing 46.2% of all
HCV cases followed by genotype 3 (30.1% of all HCV cases). The rest of the genotypes includ-
ing genotype 2 (9.1% of all HCV cases), genotype 4 (8.3% of all HCV cases), genotype 5 (5.4%
of all HCV cases), and genotype 6 (<1% of all HCV cases) are less commonly found globally.
All these genotypes also vary for their pathogenicity, virulence, and progression rate to severe
clinical manifestations [7]. For example, HCV infection with genotype 1b is related to more
aggressive course of hepatic disease while comparing with other genotypes [8]. Liver cirrhotic
patients and those having decompensated liver disease requiring liver transplantation have
more commonly found genotype 1b infection than patients exhibiting chronically active HCV
[9]. However, rapid fibrosis progression is associated with HCV genotype 3 [10]. Furthermore,
each genotype responds differently to pharmacological treatment. Higher resistance to inter-
feron therapy was shown in patients having genotypes 1 and 4 than with genotypes 2 and 3 [7].

Chronic HCV treatment is undergoing a continuous dynamic change. Since 1991 interferon-
based therapy for chronic hepatitis C (CHC) patients was used as the standard of care (SOC),
but therapy had unresponsive cure rate of no more than 6% along with serious side effects
that led to the discontinuation of treatment subsequently [11]. In the start of millennium,
pegylated interferon (peglFN) with guanosine analogue, ribavirin (RBV), replaced the stan-
dard interferon as a safer and well-tolerated therapy regardless of HCV genotypes [12, 13].
Therapeutic progress was limited due to substantial adverse event (AE) profile and minimal
response rates particularly in HCV genotype 1-infected patients [14]. Side effects include bone
marrow depression with lower content of granulocytes, neutropenia, and flu-like symptoms.
Neuropsychiatric side effects such as irritability, severe fatigue, and apathy are extensive
problems for patients and their families if not treated properly on time [15]. Furthermore,
autoimmune diseases like rheumatoid arthritis, psoriasis, vitiligo, lichen planus, dermatitis
herpetiformis, type 1 diabetes mellitus, and sarcoidosis can be enrooted or intensified during
peglFN therapy [15]. Therefore, therapy is advised with vigilance to patients having auto-
immune disease. Thyroid dysfunction and RBV-associated side effects are also linked with
peglEN therapy. The abovementioned side effects, prolonged duration, high cost, and lesser
adherence to therapy lead to the discontinuation of treatment.

A new era of HCV therapy was heralded with the emergence and approval of oral direct acting
antiviral (DAA) agents. In comparison to nonspecificity of IFN-based therapy, DAAs directly
intend to block various proteins involved in HCV replication pathways. Recently, available DAAs
inhibit nonstructural proteins including NS3/4A protease, NS5A protein, and NS5B polymerase
alone or in combination with other antiviral agents involved in blocking different stages of HCV
replication [16]. Four main classes of DA As used in multiple combinations for HCV treatment are
described in Table 1 [17]. First-generation protease inhibitors, telaprevir® and boceprevir®, were
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approved in 2011 by the European Medical Academy (EMA) and Food and Drug Administration
(FDA) for the treatment of CHC patients of genotype 1, but due to severe cutaneous AEs includ-
ing diffuse rash or localized rash with pruritus and skin peeling, therapy was discontinued in
2012 [18, 19]. In 2014, the EMA approved four new polymerase/protease inhibitors (simepre-
vir®, sofosbuvir®, ledipasvir®, and daclatasvir®) having variable pharmacodynamic charac-
teristics such as simeprevir® which inhibits NS3/4A protease, sofosbuvir® which blocks NS5B
polymerase, and ledipasvir® and daclatasvir® which are HCV NS5A inhibitors. The Japanese
Ministry of Health, Labor and Welfare approved an NS3/4A protease inhibitor, asunaprevir®,
in 2014 for the treatment of genotypes 1 and 4. Combination of asunaprevir® with daclatasvir®
is the first oral interferon and RBV-free treatment for CHC patients having genotype 1 infection.
This combinatorial treatment is also approved in Australia and Russia. In the following year,
the EMA and FDA approved a new combination of drugs ombitasvir®/paritaprevir®/ritona-
vir®. Among these, ritonavir® is not active against HCV infection; rather, it is a cytochrome P450
3A (CYP3A) inhibitor which increases systemic exposure of paritaprevir® (a CYP3A substrate).
Ombitasvir® is an HCV NS5A inhibitor. In the same year, dasabuvir®, NS5B polymerase inhibi-
tor, was also approved by the EMA. Combination of all these drugs with or without RBV can be
used for the treatment of HCV genotypes 1a, 1b, and 4 [20]. In January 2016, the FDA approved
zepatier® (grazoprevir®/elbasvir®) for marketing. In May 2016, the EMA also recommended the
granting of marketing authorizations in the EU for zepatier® treatment [20]. In the same year,
epclusa® (combination of sofosbuvir® and velpatasvir®) was approved for the treatment of all
six major genotypes. Recently, in July 2017, Vosevi® (combination of sofosbuvir®/velpatasvir®/
voxilaprevir®) was approved by the FDA in which each drug acts through a different mecha-
nism [21]. Vosevi® includes combination of NS5B polymerase, NS3/NS4A, and NS5A inhibitors.

2. General safety and tolerability aspects of DAAs

The basic purposes of HCV pharmacological therapy are to eliminate viral infection and to
prevent it from causing cirrhosis and associated complications. Alleviative effects of viral phar-
macological therapies are estimated through the sustained virological response (SVR) which
is defined as a viremia (undetectable HCV RNA in blood) 12 or 24 weeks after completion of
anti-HCV therapy. In clinical trials, SVR is commonly used as primary efficacy end point and
serves as the only factor linked with liver-associated events and all-cause mortality [22, 23].

2.1. Clinical efficacy and tolerability profile related to DAAs from premarketing
studies

Fundamental characteristics of premarketing studies have been enlisted in Table 2. Antiviral
drug’s efficacy and tolerability profile of different DAA combinations are discussed below.

2.1.1. Clinical tolerability analysis of sofosbuvir® treatment in different combinations

Clinical efficacy results of sofosbuvir pivotal studies including NEUTRINO, FISSION, POSIT-
RON, and FUSION trials depicted that the most usual AEs were nausea, headache, fatigue,
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and insomnia. In these trials more than 1000 patients of all six major HCV genotypes were treated
with sofosbuvir® and RBV or PegIFN and RBV. Mostly, severe AEs were observed in patients
treated with PegIFN and RBV as compared to sofosbuvir® [24, 25]. According to safety results
of NEUTRINO and FISSION trials, fever, depression, and influenza-like symptoms were more
common in PeglFN-treated patients as compared to those who received sofosbuvir®. Lastly,
POSITRON safety data illustrated that gastrointestinal disorder, administration site reactions,

Treatment/study group/ Population Adverse event (AE) profile Overall Treatment status
year SVR,, rate
SOF/RBV (n = 256) vs. 499 genotypes 2/3  More patients treated with 67% 26 patients treated
PegIFNa-2a/RBV (n=243) HCV patients PegIFNa-2a/RBV had AEs. with PegIFNa-2a/
(2013) [23] Common AEs in patients treated RBV and three
with SOF/RBV and PegIFNa-2a/ patients treated
RBV were fatigue (36 vs. 55%), with SOF/RBV
headache (25 vs. 44%), nausea (18 discontinued their
vs. 29%), insomnia (12 vs. 29%), treatment
anemia (8 vs. 12%), influenza-like
symptoms (3 vs. 16%), fever (3
vs.18%), and depression (5 vs.
14%)
SOF/RBV/PeglFNa-2a 327 genotypes The most common AEs included ~ 90% 8 patients
(2013) [23] 1,4,5, 0or 6 HCV fatigue (59%), headache (36%),
patients nausea (34%), insomnia (25%),
and anemia (21%)
SOF/RBV (n=207) vs. 278 genotype 2 or 3 The most common AEs by SOC  78% 4 patients who
placebo/RBV (n=71) HCV patients in SOF/RBV and RBV/placebo received SOF/RBV
(2013) [24] groups were general disorders and three patients
and administration site reactions who received
(57 vs. 36.6%), gastrointestinal placebo (4%)
disorders (43.5 vs. 39.4%),
nervous system disorders (35.3
vs. 29.6%), musculoskeletal
and connective disorders (18.8
vs. 7%), blood and lymphatic
system disorders (14%vs.1.4%),
complications (9.2 vs. 5.6%),and
metabolism and nutrition
disorders (7.2 vs. 12.7%)
SOF/RBV for 12 weeks 201 genotype 2 or 3 The most common AEs by SOCin  50% 1 patient in SOF/
(n=103) vs. SOF/RBV for ~ HCV patients SOF/RBV 12 weeks and SOF/RBV RBV 12 weeks
16 weeks (n =98) (2013) 16 weeks groups were general group

(24]

disorders and administration
site reactions (58.3 vs. 60.2%),
gastrointestinal disorders

(47.6 vs. 46.9%), infections and
infestations (31.1 vs. 23.5%),
nervous system disorders (36.9
vs. 42.9%), musculoskeletal and
connective disorders (28.2 vs.
34.7%), psychiatric disorders
(34 vs. 41.8%), and skin and
subcutaneous tissue disorders (33
vs. 31.6%)
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Treatment/study group/  Population Adverse event (AE) profile Overall Treatment status
year SVR,, rate

DCV + SOF + RBV for 617 HIV-/HCV- Common AEs associated Overall 7 patients

12 weeks (n =103) vs. coinfected patients with DCV + SOF + RBV were 92% discontinued

24 weeks (n = 302) (2017) with genotype 1, 3, decompensated cirrhosis/multi-

[25] and 4 organ failure, respiratory disorder,

hepatic carcinoma, lymphopenia,
and renal insufficiency

LDV/SOF for 12 weeks 440 genotype 1 Six percent of patients in LDV/ >90% No AEs leading
(n=109) vs. LDV/SOF/ HCV patients (20% SOF for 24 weeks and 3% LDV/ to treatment
RBV for 12 weeks (n=111) with cirrhosis) SOF/RBV for 24 weeks had a discontinuation
vs. LDV/SOF for 24 weeks serious of AEs (P =0.36)

(n=109) vs. LDV/SOF/
RBV for 24 weeks (n=111)
(2014) [26]

More patients in RBV groups
had fatigue, nausea, insomnia,
arthralgia, cough, rash,
irritability, dyspnea, and anemia.
Grade 1 or 2 hyperbilirubinemia
occurred in more patients who
received LDV/SOF/RBV for

12 and 24 weeks compared to
patients who received LDV/SOF
for 12 and 24 weeks (32 and 41%
vs. 1 and 7%, respectively)

LDV/SOF for 8 weeks 647 previously The most common AEs in LDV/  93-95% 1 patient in LDV/
(n=215) vs. LDV/SOF/ untreated SOF for 8 weeks, LDV/SOF/RBV SOF/RBV for

RBV for 8 weeks (n=216)  patients with for 8 weeks, and LDV/SOF for 8 weeks and two
vs. LDV/SOF for 12 weeks HCV genotype 1 12 weeks groups were fatigue patients in LDV/
(n=216) (2014) [27] infection (21 vs. 35 vs. 23%), headache (14 SOF for 12 weeks

vs. 25 vs. 15%), nausea (7 vs. 18
vs. 11%), and insomnia (5 vs. 12
vs. 7%)

Fatigue, headache, nausea,
insomnia, irritability, rash,
pruritus, cough, and anemia were
more common in patients treated
with RBV Three patients in the
group LDV/SOF/RBV for 8 weeks
had grade 3 hyperbilirubinemia

DCV/SOF for 23 weeks 211 genotypes 1-3 ~ Common AEs occurred in groups >90% 1 patient in groups
(groups A and B; n=31) HCV patients A and B; C and D; E and F; and Cand D (DCV/

vs. DCV/SOF for 24 weeks G, H, I, and ] were fatigue (29 vs. SOF) and one
(groups C and D; n=28) vs. 50 vs. 31 vs. 39 vs. 37 vs. 29 vs. patient in groups E
DCV/SOF/RBV for 24 weeks 45%), headache (16 vs. 29 vs. 38 and F (DCV/SOF/
(groups E and F; n=29) vs. 34 vs. 22 vs. 33 vs. 35%), and RBV) discontinued

nausea (16 vs. 32 vs. 31 vs. 20 vs. the treatment

DCV/SOF, with or without
20 vs. 10%)

RBYV, for 12 weeks (group
G;n=41 or group H;
n=41) or 24 weeks (41
patients who did not

have a response to prior
treatment with HCV
protease inhibitors, (n = 21)
or] (n=20) (2014) [28]
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Treatment/study group/  Population Adverse event (AE) profile Overall Treatment status
year SVR,, rate
DCV 20 mg/PeglFN/RBV 395 treatment- A higher percentage of patients ~ >90% 7 patients in DCV
(n=159) vs. DCV 60 mg/  naive patients with in placebo/PegIFN/RBV group 20 mg group,
PegIFN/RBV (n = 158) HCV genotype had treatment failure compared seven patients in
vs. placebo/PegIFN/RBV lor4 to patients in DCV 20 mg or DCV 60 mg group,
(n="78) (2015) [29] 60 mg groups (62.5 vs. 40.4 vs. and eight patients
40.8%) in placebo group
Among the most common AEs
in DCV 20, 60 mg, and placebo
group, there were fatigue (55.3
vs. 54.4 vs. 59%), headache (42.8
vs. 43 vs. 46.2%), pruritus (35.2
vs. 39.9 vs. 33.3%), insomnia (30.8
vs. 33.5 vs. 38.5%), and rash (34
vs. 25.3 vs. 32.1%)
DCV/SOF/RBV for 12 50 treatment- The most common AEs occurring Overall No AEs leading
(n=24) or 16 weeks naive (n=13) in at least 10% of patients in 90% to treatment
(n=26) (2016) [30] or treatment- DCV/SOF/RBV for 12 weeks or discontinuation
experienced 16 weeks groups were insomnia
(n=37) genotype  (33.3 vs. 26.9%), fatigue (25
3 patients vs. 26.9%), headache (29.2 vs.
with advanced 19.2%), irritability (20.8 vs. 7.7%),
fibrosis (n = 14) asthenia (8.3 vs. 19.2%), and
or compensated diarrhea (4.2 vs.15.4%)
cirrhosis (n = 36)
SMV/PegIFN/RBV 393 genotype 1 Frequently associated AEs in 80-83% 0.4% of patients in
(n=260) vs. placebo/ HCV patients SMV/PegIFN/RBV and placebo SMV/PegIFN/RBV
PegIFN/RBV (n =133) groups were fatigue (31.9 vs.
(2014) [31] 42.1%), headache (31.9 vs. 36.1%),
and influenza-like symptoms
(29.6 vs. 20.3%)
2 patients in SMV group had
grades 2/3 photosensitivity
events
6.2% of patients SMV/
PegIFN/RBV had grades
3/4 hyperbilirubinemia (the
frequency in placebo group was
3.1%)
SMV + SOF + RBV for 167 genotype Most common AEs in pooled 92 and 94% 4 patients (2%) had
12 weeks vs. 24 weeks 1 chronic HCV groups of patients treated with for cohorts ~ withdrawn from
(2014) [32] patients different simeprevir/sofosbuvir land2 all study treatment
combinations included headache due to AEs and
(20%), nausea (16%), and three patients
fatigue (31%). Grade 4 AEs were discontinued

observed in one patient (2%) in
each of groups 1 and 3, in three
patients (10%) of group 2, while
grades 3—4 AEs were scrutinized
in less than 5% of the patients
except the elevated level of blood
amylase

before week 12
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Treatment/study group/  Population Adverse event (AE) profile Overall Treatment status
year SVR,, rate
DCV 60 mg QD + ASV 101 genotype Frequently associated AEsinall ~ Group 1 patient in B3
200 mg BID x 24 weeks laand 1b HCV groups were headache (44 vs. 40~ Al (78%),  group
(group Al; n=18) vs. patients vs. 60 vs. 48 vs. 46%), diarrhea group A2
DCV 60 mg QD + ASV (28 vs. 30 vs. 45 vs. 33 vs. 23%), (65%),
200 mg QD x2 4 weeks fatigue 28 vs. 10 vs. 40 vs. 24 vs.  group Bl
(group A2; n=20) vs. DCV 32%), asthenia (17 vs. 20 vs. 30 vs.  (95%), and
60 mg QD + ASV 200 mg 57 vs. 32%), myalgia (22 vs. 5 vs.  group B2
BID + PegIFNa/RBV x 10 vs. 38 vs. 9%), and insomnia (95%)
24 weeks (groupB1; n = 20) (17 vs. 15 vs. 45 vs. 14 vs. 41%)
vs. DCV 60 mg QD + ASV
200 mg QD + PegIFNa/
RBV x 24 weeks (group
B2; n=21) vs. DCV
60 mg QD +ASV 200 mg
BID + RBV x 24 weeks
(group B3; n=22) (2014)
(33]
DCV/ASV/PegIFN/RBV for 398 genotype 1 Frequently associated AEs Genotype 1 18 patients
24 weeks (2015) [34] or 4 chronic HCV ~ were fatigue (41.5%), headache (93%) and
patients (31.2%), pruritus (26.1%), genotype 4
asthenia (24.1%), influenza-like (98%)
illness (22.4%), and insomnia
(22.4%)
PrOD with RBV (group 595 previously Common AEs in groups A and Genotype 3 Patients in group
A) (n =437) vs. matching untreated B (P <0.05 for each comparison) 1a (95%) A and 1 patient in
placebos (group B) genotype 1 HCV were fatigue (34.7 vs. 28.5%), and group B
(n=158) (2014) [35] patients headache (33.0 vs. 26.6%), nausea  genotype
(23.7 vs. 13.3%), pruritus (16.9 vs.  1b (98%)
3.8%), insomnia (14.0 vs. 7.6%),
diarrhea (13.7 vs. 7.0%), and
asthenia (12.1 vs. 3.8%)
PrOD with RBV (n=297) 394 Previously Common AEs in active and 96.3% 3 patients in the
vs. placebo (n=97) during treated with placebo groups were headache overall active regimen
the 12-week double-blind ~ PegIFN/RBV who  (36.4 vs. 35.1%; P = 0.90), fatigue group
period/2014 [36] had a relapse, a (33.3 vs. 22.7%; P = 0.06), and
partial response, nausea (20.2 vs. 17.5%). More
or anull response  patients in the active-regimen
in patients with group had anemia (P =0.01), and
HCV genotype 1 vomiting (P = 0.006); while AEs
infection without  with a higher frequency in the
cirrhosis placebo group were constipation
(P =0.02), erythema (P = 0.05),
neck pain (P =0.05), and
neutropenia (P = 0.01).
86 patients were 135 genotype 4 Most common AEs were 100% RBV- No AEs leading
treatment-naive (44 chronic HCV headache (29% of treatment- containing  to treatment
received PrOD and 42 experienced patients vs. 33% regimen discontinuation
received PrOD/RBV) and of 42 treatment-naive patients), and 90.9%
49 treatment-experienced asthenia (24 vs. 33%), fatigue (7 RBV-free
patients received the RBV- vs. 18%), insomnia (5 vs. 16%), regimen

containing therapy/2015
[37]

and nausea (9 vs. 17%)
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Treatment/study group/  Population Adverse event (AE) profile Overall Treatment status
year SVR,, rate
PrOD with RBV (group 179 patients with ~ The most frequently reported Group 1 1 patient in group
1) vs. PrOD (group 2)/ HCV genotype AEs in groups 1 and 2 were 97% and 1 and 1 patient in
2014 [38] 1b infection, fatigue (31.9 vs. 15.8%), headache group 2 group 2

without cirrhosis,  (24.2 vs. 23.2%), and nausea 100%

previously treated  (20.9 vs. 6.3%). Patients treated

with PegIFN/RBV  with RBV had more commonly
insomnia, anemia, rash, and
increased blood bilirubin levels

GZP/EBR (immediate 224 patients with ~ Common AEs occurred in 99% 5 patients in
treatment group) (n = HCV genotype patients in immediate treatment deferred treatment
111) vs. placebo (deferred 1 infection and and deferred treatment groups group

treatment group) (n = chronic kidney were headache (17.1 vs. 16.8%),

113)/2015 [39] disease nausea (15.3 vs. 15.9%), fatigue

(9.9 vs. 15%), insomnia (6.3 vs.
10.6%), dizziness (5.4 vs. 15.9%),
and diarrhea (5.4 vs. 13.3%)

GZP/EBR/ 2015 [40] 218 treatment- The most frequent AEs were 96% There were no
naive patients fatigue (13%), headache (12%), AEs leading
with chronic HCV  and nausea (9%). to treatment
genotype 1, 4, or discontinuation

6 infection and
HIV co-infection,
with or without
cirrhosis

Table 2. Clinical efficacy and tolerability of direct acting antivirals (DAAs).

and nervous system disorders were mostly found in sofosbuvir®/RBV-treated patients as com-
pared to the placebo group [24, 25]. Efficacy and safety of daclatasvir®/sofosbuvir® with or
without RBV was assessed in more than 600 patients with advanced HCV disease. Population
was mostly cirrhotic (72%, of whom 18% were decompensated), HCV treatment-experienced
(82%), and infected with genotypes 1 (69%), 3 (12%), or 4 (19%). Most of them were treated
for 24 weeks and 14% received RBV. Twelve weeks of SVR was 92% overall, 90% in cirrhotic
patients, and 95% in non-cirrhotic patients. Twelve weeks of SVR (SVR12) remained constant
among all major six genotypes and antiretroviral regimens. Among 617 patients with safety
data, seven patients discontinued due to adverse events and ten died. About three out of seven
reported discontinuation as AEs were consequently found fatal (decompensated cirrhosis/multi-
organ failure, respiratory disorder, hepatic carcinoma) and for the remaining four were nonfatal
(treatment-associated lymphopenia, renal insufficiency) [26]. Daclatasvir®/sofosbuvir® with or
without RBV achieved high SVR12 and was well tolerated in this large real-world cohort of
HIV-/HCV-coinfected patients with advanced liver disease. Conclusively, it is found that dacla-
tasvir®/sofosbuvir® with or without RBV is well tolerated in real-world HIV-/HCV-coinfected
cohort with advanced hepatic disease, and treatment is more suitable in this perspective [26].

Safety profile of sofosbuvir®/ledipasvir® combination with or without RBV was evaluated in
pivotal study trials including ION-1,ION-2, and ION-3. In these clinical trials, 2000 HCV-infected
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patients (cirrhotic and non-cirrhotic) with genotype 1 were treated with ledipasvir®/sofos-
buvir® or ledipasvir®/sofosbuvir® plus RBV. Ledipasvir® was found to be associated with
the occurrence of headache, insomnia, nausea, and asthenia. In data obtained from ION-2
and ION-3 trials, AEs such as cough, rash, grade 1 or 2 hyperbilirubinemia, arthralgia, ane-
mia, irritability, and dyspnea were found frequently among patients treated with RBV [27, 28].
Furthermore, outcomes of treatment combinations like daclatasvir®/pegIFN/RBV vs. placebo,
daclatasvir®/sofosbuvir®, and with or without RBV, were evaluated in ALLY-3+, A1444040, and
AlJ444010 clinical studies, respectively, in more than 650 patients having genotype of 1, 2, 3,
or 4. Like other DAAs symptoms like asthenia, headache, and nausea were more frequently
observed [29-31]. Al444040 study illustrated discontinuation of therapy in two patients, one
having stroke with history of hyperlipidemia, smoking, and myocardial infarction and the
other having fibromyalgia exacerbation with history of fibromyalgia [29]. According to another
efficacy study, in placebo group a large number of patients had grade 34 AEs when com-
pared with patients who received daclatasvir® 20 or 60 mg (23.1 vs. 20.1 vs. 14.6%). In 3.8% of
patients receiving 60 mg daclatasvir®, an increased alanine aminotransferase (ALT) level was
observed vs. 1.3% of patients in placebo group, while patients receiving 20 mg daclatasvir® did
not experience this side effect. However, both groups of drug dosage experienced the symp-
toms of influenza-like syndrome, nausea, and dry skin [30]. In ALLY-3+ phase III study trial,
no AEs were observed in patients receiving daclatasvir®/sofosbuvir®, with RBV which led to
discontinuation of therapy. The most common treatment-associated general side effects includ-
ing irritability, insomnia, asthenia, fatigue, dyspnea, and diarrhea were observed in 10% of the
patients. The high level of safety and clinical efficacy was demonstrated in patients having chal-
lenging viral 3a genotype who were administered with this combination for 12 or 16 weeks [31].

2.1.2. Efficacy and safety analysis of simeprevir® in different combinations

Simeprevir® in combination with PegIFNa and RBV was assessed in more than 1000 patients
using QUEST-1, QUEST-2, and PROMISE clinical trials. AEs associated with simeprevir®
included rash, increased bilirubin level, pruritus, and photosensitivity events as compared
to the placebo group. No differences were found in PROMISE trial between simeprevir®/
PegIFN/RBV and placebo groups for frequency of grades % AEs [32]. Simeprevir® in combi-
nation with sofosbuvir® was approved by the FDA in 2014 for chronic patients of genotype
1. In COSMOS randomized study, patients were grouped in ratio of 2:1:2:1 who received
simeprevir® (150 mg) and sofosbuvir® (400 mg) for 24 weeks with (group 1) or without
(group 2) RBV and for 12 weeks with (group 3) or without (group 4) RBV, in two different
cohorts: previously nonresponders having METAVIR! scores of FO-F2 and treatment-naive
patients and previously nonresponders with F3-F4 scores of METAVIR [33]. In cohorts 1 and
2,92 and 94% of patients achieved SVR12, respectively. Most common AEs in pooled groups
of patients treated with different simeprevir®/sofosbuvir® combinations included headache
(20%), nausea (16%), and fatigue (31%). Grade 4 AEs were observed in one patient (2%) in
each of groups 1 and 3 and in three patients (10%) of group 2, while grades 3—4 AEs were
scrutinized in less than 5% of the patients except the elevated level of blood amylase. Serious

'Scoring system used to assess the extent of inflammation and fibrosis via histopathological evaluation in liver biopsy
of HCV patients.
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AEs were observed in four patients (2%); four patients (2%) had withdrawn from all study
treatment due to AEs, and three patients discontinued before week 12 [33].

2.1.3. Tolerability analysis of asunaprevir® combinations

In a randomized phase 2a open-label study, safety and tolerability of asunaprevir®/dacla-
tasvir® combination therapy was assessed in 100 patients of genotype 1a and 1b. Patients
received five different regimens including daclatasvir® and asunaprevir® alone, at differ-
ent dosages, or plus PegIFN/RBV. Efficacy data depicted that asthenia, headache, and diar-
rhea were more common and that serious hematological side effects were found in patients
who received PeglFN and/or RBV. Correspondingly, flu-like illness, alopecia, and rash were
observed in patients treated with PeglFN and/or RBV compared to those who treated with
daclatasvir® and asunaprevir® [34]. During trials six severe AEs were analyzed: one patient
got panic attack, one case of forearm fracture, one case of prostate cancer found in patients
who received asunaprevir®/daclatasvir® combination, two over dosage cases, and one case
of squamous cell carcinoma in patients treated with daclatasvir®/asunaprevir®/ PegIFN/
RBV [33]. In phase 3 study of HALLMARKQUAD trial, patients with genotype 1 (n = 354)
or genotype 4 (n = 44) (partial or nonresponders to PegIFN/ RBV) were treated daily with
daclatasvir®/asunaprevir® combination and weekly with PegIFN and/or RBV. In serious AEs
(5.5% of patients), grade % clinical manifestations included lymphopenia, thrombocytopenia,
neutropenia, anemia, and elevated level of ALT/aspartate transaminase (AST) were found in
the treated patients. Fatigue, pruritus, influenza-like symptoms, rash, asthenia, and insomnia
were common AEs observed during study. Negligible difference was found in ALT and AST
elevation among patients with or without cirrhosis [35]. Drug combination was well tolerated,
and no additional safety concerns were identified in comparison to pegIFN/RBV regimens.

2.1.4. Efficacy study of ombitasvir®/paritaprevir®/ritonavir®

Safety analysis of ombitasvir®/paritaprevir®/ritonavir® in combination with dasabuvir® was
analyzed among 1025 patients during clinical trials of SAPPHIRE-I and SAPPHIRE-II. Clinical
efficacy data depicted that headache and fatigue were the most frequent AEs. In comparison
to placebo group, patients treated with ombitasvir®/paritaprevir®/ritonavir®, dasabuvir®,
and RBV were found to exhibit asthenia, diarrhea, pruritus, nausea, and insomnia as the most
common AEs. On the other hand, placebo group patients were confronted to have erythema,
neck pain, and constipation. Ventricular extra systoles, sinus tachycardia, acute respiratory
failure, and acute transient stroke were reported as severe AEs in study treatment [36, 37]. In
PEARL-I and PEARL-II trials, safety results in HCV-infected patients of genotypes 1 and 4
who were treated with combination of ombitasvir®/paritaprevir®/ritonavir®, with or with-
out dasabuvir®, and RBV® illustrated that insomnia, nausea, asthenia, and headache were
the most common AEs [38, 39].

2.1.5. Safety analysis of grazoprevir®/elbasvir® combination

According to C-SURFER safety study data, in which 244 patients of viral genotype 1 along
with chronic kidney disease (CKD) were included, grazoprevir®/elbasvir® combination was
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associated with AEs like nausea, headache, and fatigue. In two patients cardiac arrest and
myocardial infarction were observed, while in placebo group, three patients were reported
with serious cardiac events. Though the severities and frequencies of liver-associated events
were comparable between groups, elevation in ALT and AST levels were more frequent in
placebo group. In grazoprevir®/elbasvir®-treated group of patients, a low hemoglobin level
(24.3 vs. 16.8%) was recorded [40]. In single-arm C-EDGE COINFECTION phase 3 study,
safety of grazoprevir®/elbasvir® was assessed in patients (n =218) of genotype 1, 4, or 6 coin-
fected with HIV. Related to the previous study, the most frequent AEs were nausea, fatigue,
and headache [41].

2.2. Post-marketing safety reports of DAAs

Post-marketing survey studies scrutinizing the efficacy profile of clinically approved DAAs are
very limited. Probing the altered drug metabolism among patients receiving HCV treatment
with other clinical manifestations, drug-drug interactions and concurrently administered
medications remain at the front position for optimizing DAA regimen. A study regarding
DAA/non-DAA drug interaction recommended that simeprevir®/pegIFN/RBV may increase
the risk of interstitial pneumonitis due to IFN as evinced by earlier onset of condition while
comparing to conventional pegIFN/RBV treatment [42]. Another study regarding DAA/non-
DAA drug interaction in a patient with recurrent HCV and cirrhosis first reported the case
of seizures, possibly participated by simeprevir®/sofosbuvir®/RBV therapy [43]. Whereas
risk of interstitial pneumonitis and seizures is still being evaluated, extensive cases of cardiac
events in patients who received simeprevir®/sofosbuvir® and amiodarone®, an anti-arrhyth-
mic medication having long half-life, led to extra care on the account of prescribing providers
and an appendix on labels of antiviral drugs. Most cases of liver decompensation or hepatic
failure from the post-approval use of simeprevir®/pegIlFN/RBV or with sofosbuvir® were
recorded by patients of advanced cirrhosis who were formerly at high risk for deteriorating
liver function. Due to limited data available, simeprevir® is contraindicated in patients with
severe cirrhosis or decompensated liver disease [44, 45]. Due to potent toxicity, the three-
dimensional (3D) therapies are contraindicated in patients suffered from severe liver impair-
ment [46, 47]. A total of 26 cases globally were significantly found to be related to 3D therapy
administration with liver disorder occurring within 1-4 weeks of starting treatment [48, 49].
Moreover, it was revealed from real-world data that high incidence of primarily hypersensi-
tivity reactions and immune system disorders may often lead to liver failure [49].

Post-marketing data obtained from HCV-/HIV-coinfected patients led to commendations for
patients to stay on suppressive antiretroviral regimen while on 3D therapy due to the pres-
ence of ritonavir® (HIV-1 protease inhibitor) that can select for HIV-1 protease inhibitor resis-
tance-associated substitutions [46—49]. Very low treatment discontinuation and AE rates were
found in phase II-1II study regarding sofosbuvir®-containing regimen as compared to IFN-
based therapy while analyzing real-world results [50, 51]. Data depicted that two patients had
to stop anti-HCV therapy earlier due to variceal bleeding and nonmedical reasons. However,
therapy was well tolerated for majority of the patients (97%) [52]. Overall, Child-Pugh?* and

2Score used to analyze prognosis of chronic hepatic disease, specifically cirrhosis.
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Model for End-Stage Liver Disease®* (MELD) classifications improved for majority of HCV-
infected patients, therefore lessening the need for transplantation of the liver. Post-marketing
data obtained from CHC patients with renal disease depicted that same treatment was safe
and tolerable regardless of baseline kidney function, yet patients who received sofosbuvir®-
containing regimen seemed to have higher incidence of anemia [50].

3. Anti-HCV drug combinations tolerability in distinctive
population

Significant AE profile of IFN-based therapy confines the applicability of these regimens for
treating recurrent hepatitis C infection in difficult-to-treat population. Intensive research
struggles are being done to assess DAAs in different populations of CHC patients for whom
therapeutic options are limited.

3.1. Elderly CHC patients

Recently, evidence-based retrospective cohort studies have been reported regarding safety
and tolerability analysis of DAAs in elderly CHC patients. Patients (n = 244) were categorized
into two groups: individuals aged under 65 years (n = 156) and patients equal to or elder
than 65 years (n = 84). Treatment recommendations during the late 2012 and early 2013 were
protease inhibitors in combination with pegIFN and RBV. During years of 2014 and 2015, the
rest of the therapies were given to patients as approved in succession by the FDA. Different
treatment combinations used were sofosbuvir®/peglEN/RBV, sofosbuvir®/ledipasvir®/RBV,
ombitasvir®/paritaprevir® /ritonavir®/dasabuvir® + RBV, and simeprevir®/sofosbuvir®.
Just three patients received telaprevir®/peglFN/RBV, and one patient each was treated with
boceprevir®/peglFN/RBV, sofosbuvir®/ledipasvir®/RBV, and simeprevir®/sofosbuvir®/RBV
combinations in cohort study [53]. With all regimen combinations, the overall end-of-treat-
ment (EOT) response rate, defined as undetectable HCV RNA transcript after the completion
of treatment, was 98.2% (n =233) and SVR12 was 94% (n = 191). Statistically, no significant dif-
ference was found with EOT (98.8 vs. 98%) and SVR12 (93.1 vs. 94.1%) between patients aged
65 years or older and those younger than 65 years. SVR12 for DAAs/peglFN/RBV was 98%
higher than that (91.4%) obtained from IFN-free DAA regimen but was statistically insignifi-
cant. Analogous response rate was seen in patients aged 65 or older with 100% of the patients
on IFN-based therapy attaining an SVR compared with only 91.07% SVR with IFN-free ther-
apy [53]. No serious AEs were reported except two patients suffered from severe anemia.
Common AEs observed in elder patients were fatigue (32.5%), anemia (19.6%), and leuko-
penia (11.7%) followed by thrombocytopenia (10%), skin rash (8.3%), and headache (7.9%).
Leucopenia, thrombocytopenia, and anemia were observed in almost half of the patients
treated with IFN/RBV. By reducing RBV dose, all patients achieved SVR12. Treatment dis-
continuation of RBV dose reduction did not attain statistical significance among both groups.
Conclusively, on the basis of cohort studies, we can say that age is not a major factor to have an

3Classification used to categorize liver dysfunction in preparation for liver transplantation.
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impact on SVR during treatment. Older patients did not attain higher frequency of AEs while
comparing with younger patient group. Some other clinical manifestations like fibrosis, cir-
rhosis, ALT/AST, hemoglobin, and platelet levels may disturb the SVR in the elderly [53, 54].

3.2. Transplant recipients with chronic hepatitis C infection

HCV-related hepatic disease generally arises in patients following liver transplantation.
Nearly half of the patients who have the need of liver transplant are also infected with hepa-
titis C infection. Viremia before transplantation is a strong predictor of virus recurrence post-
transplantation. IFN-free DAA therapy has improved the long-term, posttransplantation
sequel. Preeminently, DAA therapy leads to drug-drug interaction with different immuno-
suppressants, mainly with cyclosporine and tacrolimus. As both are substrates of CYP3A and
P-glycoprotein (P-gp), treatment should be restricted to agents that are neither inducers nor
inhibitors of these molecules. Currently, in a recent trial, combination of antiviral drugs (ombi-
tasvir®/paritaprevir®/ritonavir® (25/150/150 mg q.d*)/dasabuvir® (250 mg b.d®)/variable RBV
dose) was given for 24 weeks to transplant recipients having recurrent viral genotype 1 infec-
tion and without advanced stages of fibrosis [55]. Clinically, manageable AEs such as head-
ache, cough, and fatigue were found to be associated with therapy. Momentarily, elevated
levels of ALT and bilirubin were noticed in two patients, and nine patients were reported to
have a reduced level of hemoglobin with one patient requiring erythropoietin. No significant
treatment-associated abnormalities were observed in transplant recipients while comparing
with those who had not undergone transplantation. Only one patient quitted treatment after
18 weeks due to memory impairment, anxiety, and rash but still cleared out the virus. Major
limitation of this therapy was the need to improve tacrolimus and cyclosporine dosage [55].

In another trials, efficacy and safety of IFN-free sofosbuvir®/RBV therapy to treat CHC infec-
tion in kidney transplant recipients (n = 10) were evaluated. The effect of sofosbuvir®RBV
therapy upon calcineurin inhibitor (CNI) drug levels was also assessed. SVR12 was seemed to
be maintained in all patients (100%) [56, 57]. Acute rejection graft loss was not detected during
antiviral therapy. Among ten patients, seven did not exhibit significant AEs. Only one patient
had symptoms of fatigue, muscle cramps, headache, and anorexia during therapy. Acute gas-
troenteritis was observed in one patient who recovered after 5 days. Another patient was found
to have hyperuricemia with gout, but its association with sofosbuvir/RBV treatment was not
recognized. All patients completed the course of treatment, and none of the patients discon-
tinued their antiviral treatment. Significant reduction in CNI drug exposure was found during
anti-HCV treatment, but none of the patients required having dose modification of CNIs [56].

3.3. HCV-/HIV-coinfected patients

HCV-/HIV-coinfected patients are at high risk for progression of liver cirrhosis and hepatic
decompensation. One study assessed IFN-free ombitasvir®/paritaprevir®/ritonavir® (25/150/
100 mg q.d.) and dasabuvir® (250 mg b.d.) regimen in HCV-/HIV-coinfected patients for
12 or 24 weeks [58]. This therapy was found well tolerated in study population including

One tablet per day orally (Latin: quaque die).
sTwice a day (Latin: bis in die).
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treatment-experienced and treatment-naive patients and cirrhotic and non-cirrhotic patients.
Mild-to-moderate AEs were experienced by majority of the patients (89%); however, one patient
was found to have severe AEs, but none of the patients discontinued their therapy due to AEs.
Along with infrequent laboratory abnormalities, no erythropoietin or transfusion was required
by any patient. Ledipasvir® (90 mg q.d.) and sofosbuvir® (400 mg q.d.) treatment to HCV-/HIV-
coinfected patients for 12 weeks stated mild-to-moderate AEs (77%) including fatigue, head-
ache, and diarrhea [59]. Less than 1% of the patients were reported for laboratory abnormalities
including increased levels of creatinine kinase (non-study-related), lipase, and serum glucose
(in those patients who had history of diabetes or abnormal baseline glycosylated hemoglobin
levels). However, no patient was reported to discontinue therapy due to AEs. Consequently,
this therapy displayed less potential for clinically significant drug-drug interactions with coad-
ministration of antiretrovirals except with the drug, tenofovir disoproxil fumarate [59].

4, Conclusion

The last few years evidently made the progress in development of successful HCV therapeutic
regimens with higher clinical efficacy and inconsiderable side effects except some with severe
AEs, but negligible treatment discontinuation rate was reported. Likewise, therapy duration
with DA As is markedly reduced from 6 to 12 months (pegIFN/RBV) to 3-6 months. So, develop-
ment of DAAs has remarkably changed the disease management. Despite various advantages
of DAA therapy, their safety profile is albeit not absolutely known. Indeed, interpreting the
constraints of premarketing studies like population size and short duration trials, only during
the post-approval level, it is probable to ascertain and apprehend the safety matters linked with
the utilization of DA As in real conditions. As a result, pharmacovigilance activities portray the
main gadget to promote patient care and safety in comparison to the use of any medication.

Author details

Sidra Rehman
Address all correspondence to: sidrarehman@comsats.edu.pk

Department of Biosciences, COMSATS University, Islamabad, Pakistan

References

[1] European Association for the Study of the Liver. EASL recommendations on treatment
of hepatitis C 2016. Journal of Hepatology. 2017;66:153-167

[2] WHO. Guidelines for the screening care and treatment of persons with chronic hepatitis
C infection. Updated version, April 2016. World Health Organization. http://www.who.
int/hepatitis/publications/hepatitis-c-guidelines-2016/en/ [ Accessed: January 02, 2018]

177



178 Hepatitis C - From Infection to Cure

(3]
(4]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

Webster DP, Klenerman P, Dusheiko GM. Hepatitis C. Lancet. 2015;385:1124-1135

McKibben RA, Haberlen SA, Post WS, et al. A cross-sectional study of the association
between chronic hepatitis ¢ virus infection and subclinical coronary atherosclerosis

among participants in the multicenter AIDS cohort study. The Journal of Infectious
Diseases. 2016;213:257-265

European Association for Study of Liver. The last “European Association for the Study
of the Liver” guidelines on the treatment of hepatitis C. EASL recommendations on
treatment of hepatitis C 2015. Journal of Hepatology. 2015;63:199-236

Martel-laferrie V, Bichoupan K, Dieterich DT. Hepatitis C direct acting antiviral agents
changing the paradigm of hepatitis C treatment in HIV-infected patients. Journal of
Clinical Gastroenterology. 2014;48:106-112

Messina JP, Humphreys I, Flaxman A, et al. Global distribution and prevalence of hepa-
titis C virus genotypes. Hepatology. 2015;61:77-87

Nousbaum ]B, Pol S, Nalpas B, et al. Hepatitis C virus type 1b (II) infection in France and
Italy. Annals of Internal Medicine. 1995;122:161-168

Zein NN, Rakela J, Krawitt EL, et al. Hepatitis C virus genotypes in the United States:
Epidemiology, pathogenicity, and response to interferon therapy. Annals of Internal
Medicine. 1996,125:634-639

Probst A, Dang T, Bochud M, et al. Role of hepatitis C virus genotype 3 in liver fibro-
sis progression—A systematic review and meta-analysis. Journal of Viral Hepatitis.
2011;18:745-759

National Institutes of Health. National Institutes of Health Consensus Development
Conference Statement: Management of hepatitis C: 2002—June 10-12, 2002. Hepatology.
2002;36:53-520

McHutchison ]G, Lawitz E]J, Shiffman ML, et al. Peginterferon alfa-2b or alfa-2a with
ribavirin for treatment of hepatitis C infection. The New England Journal of Medicine.
2009;361:580-593

Poynard T, Colombo M, Bruix ], et al. Peginterferon alfa-2b and ribavirin: Effective in
patients with hepatitis C who failed interferon alfa/ ribavirin therapy. Gastroenterology.
2009;136:1618-28.e2

Fried MW. Side effects of therapy of hepatitis C and their management. Hepatology.
2002;36:5237-5244

Kelleher TB. Management of the side effects of peg-interferon and ribavirin used for
treatment of chronic hepatitis C virus infection. In: Post TW, editor. Up-to-date. Waltham,
MA: Up-to-date Inc. http://www.uptodate.com [Accessed: February 06, 2018]

Pockros PJ. Direct-acting antivirals for the treatment of hepatitis C virus infection. In:
Post TW, editor. Up-to-date. Waltham, MA: Up-to-date Inc. http://www.uptodate.com
[Accessed: February 06, 2018]



[17]
(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Safety, Tolerability, and Associated Side Effects of Direct-Acting Antivirals
http://dx.doi.org/10.5772/intechopen.76225

http://www.hepctip.ca/daas/ [Accessed: February 07, 2018]

Flamm SL, Lawitz E, Jacobson I, et al. Boceprevir with peginterferon alfa-2a-ribavirin
is effective for previously treated chronic hepatitis C genotype 1 infection. Clinical
Gastroenterology and Hepatology. 2013;11:81-87

Biesbroeck LK, Scott JD, Taraska C, et al. Direct-acting antiviral-associated dermatitis dur-
ing chronic hepatitis C virus treatment. American Journal of Clinical Dermatology. 2013;
14:497-502

Scavone C, Sportiello L, Rafaniello C, et al. New era in treatment options of chronic
hepatitis C: Focus on safety of new direct-acting antivirals (DAAs). Expert Opinion on
Drug Safety. 2016;15:85-100

“FDA approves Vosevi for Hepatitis C”. https://www.fda.gov/newsevents/news room/
press announcements/ucmb567467 htm [Retrieved: 23rd January 2018]

Dieperink E, Pocha C, Thuras P, et al. All-cause mortality and liver related outcomes
following successful antiviral treatment for chronic hepatitis C. Digestive Diseases and
Sciences. 2014;59:872-880

Yoshida EM, Sulkowski MS, Gane EJ, et al. Concordance of sustained virological
response 4, 12, and 24 weeks post-treatment with sofosbuvir-containing regimens for
hepatitis C virus. Hepatology. 2015;61:41-45

Lawitz E, Mangia A, Wyles D, et al. Sofosbuvir for previously untreated chronic hepati-
tis C infection. The New England Journal of Medicine. 2013;368:1878-1887

Jacobson IM, Gordon SC, Kowdley KV, et al. Sofosbuvir for hepatitis C genotype
2 or 3 in patients without treatment options. The New England Journal of Medicine.
2013;368:1867-1877

Lacombe K, Fontaine H, Dhiver C, et al. Real-world efficacy of Daclatasvir and
Sofosbuvir, with and without ribavirin, in HIV/HCV coinfected patients with advanced
liver disease in a French early access cohort. Journal of Acquired Immune Deficiency
Syndromes. 2017;75:97-107

Afdhal N, Reddy KR, Nelson DR, et al. Ledipasvir and sofosbuvir for previously treated
HCV genotype 1 infection. The New England Journal of Medicine. 2014;370:1483-1493

Kowdley KV, Gordon SC, Reddy KR, et al. Ledipasvir and sofosbuvir for 8 or 12 weeks
for chronic HCV without cirrhosis. The New England Journal of Medicine. 2014;370:
1879-1888

Sulkowski MS, Gardiner DF, Rodriguez-Torres M, et al. Daclatasvir plus sofosbuvir for
previously treated or untreated chronic HCV infection. The New England Journal of
Medicine. 2014;370:211-221

Hézode C, Hirschfield GM, Ghesquiere W, et al. Daclatasvir plus peginterferon alfa and
ribavirin for treatment-naive chronic hepatitis C genotype 1 or 4 infection: A randomised
study. Gut. 2015;64:948-956

179



180 Hepatitis C - From Infection to Cure

[31]

(32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Leroy V, Angus P, Bronowicki JP, et al. Daclatasvir, sofosbuvir, and ribavirin for hepati-
tis C virus genotype 3 and advanced liver disease: A randomized phase III study (ALLY-
3+). Hepatology. 2016,63:1430-1441

Forns X, Lawitz E, Zeuzem S, et al. Simeprevir with peginterferon and ribavirin leads to
high rates of SVR in patients with HCV genotype 1 who relapsed after previous therapy:
A phase 3 trial. Gastroenterology. 2014;146:1669-1679

Lawitz E, Sulkowski MS, Ghalib R, et al. Simeprevir plus sofosbuvir, with or without
ribavirin, to treat chronic infection with hepatitis C virus genotype 1 in non-responders
to pegylated interferon and ribavirin and treatment-naive patients: The COSMOS ran-
domised study. The Lancet. 2014;384:1756-1765

Lok AS, Gardiner DF, Hézode C, et al. Randomized trial of daclatasvir and asunaprevir
with or without PegIFN/RBV for hepatitis C virus genotype 1 null responders. Journal
of Hepatology. 2014;60:490-499

Jensen D, Sherman KE, Hézode C, et al. Daclatasvir and asunaprevir plus peginter-
feron alfa and ribavirin in HCV genotype 1 or 4 nonresponders. Journal of Hepatology.
2015;63:30-37

Feld J], Kowdley KV, Coakley E, et al. Treatment of HCV with ABT450/r-ombitasvir and
dasabuvir with ribavirin. The New England Journal of Medicine. 2014;370:1594-1603

Zeuzem S, Jacobson IM, Baykal T, et al. Retreatment of HCV with ABT-450/r-ombitasvir
and dasabuvir with ribavirin. The New England Journal of Medicine. 2014;370:1604-1614

Hézode C, Asselah T, Reddy KR, et al. Ombitasvir plus paritaprevir plus ritonavir with
or without ribavirin in treatment-naive and treatment-experienced patients with geno-
type 4 chronic hepatitis C virus infection (PEARL-I): A randomised, open-label trial.
Lancet. 2015;385:2502-2509

Andreone P, Colombo MG, Enejosa JV, et al. ABT-450, ritonavir, ombitasvir, and das-
abuvir achieves 97% and 100% sustained virologic response with or without ribavirin
in treatment-experienced patients with HCV genotype 1b infection. Gastroenterology.
2014;147:359-365

Roth D, Nelson DR, Bruchfeld A, et al. Grazoprevir plus elbasvir in treatment-naive and
treatment-experienced patients with hepatitis C virus genotype 1 infection and stage 4-5
chronic kidney disease (the C-SURFER study): A combination phase 3 study. Lancet.
2015;386:1537-1545

Rockstroh JK, Nelson M, Katlama C, et al. Efficacy and safety of grazoprevir (MK-5172)
and elbasvir (MK-8742) in patients with hepatitis C virus and HIV co-infection (C-EDGE
COINFECTION): A non-randomised, open-label trial. Lancet HIV. 2015;2:e319-e327

Tamaki K, Okubo A. Simeprevir with peginterferon and ribavirin induced interstitial
pneumonitis: First case report. World Journal of Gastroenterology. 2015;21:1009-1013

Syal G, Heldenbrand SD, Duarte-Rojo A. Seizures as a potential complication of treat-
ment with simeprevir and sofosbuvir. American Journal of Therapeutics. 2014;2:1-2



[44]

[45]

[46]

[47]

(48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

Safety, Tolerability, and Associated Side Effects of Direct-Acting Antivirals
http://dx.doi.org/10.5772/intechopen.76225

OLYSIO (Simeprevir) Capsules: Pacakge Insert. Titusville: Jansen Pharmaceuticals, Inc,
2013. Available at: https://www.olysio.com/shared/product/olysio/prescribing informa-
tion.pdf. Published Nov 2013 [Accessed: 12 February 2018]

Janssen-Cilag. OLYSIO (simeprevir) capsules, for oral use: US prescribing information
2015: 1-48. Available at: http://www.olysio.com/shared/product/olysio/prescribinginfor-
mation.pdf [Accessed: 12 February 2018]

AbbVie Limited. Viekirax 12.5 mg/75 mg/50 mg film-coated tablets: EU summary of
product characteristics. 2015. Available at: http://ww.ema.europa.eu [Accessed: 12
February 2018]

AbbVie Limited. Exviera 250 mg film-coated tablets: EU summary of product character-
istics. 2015. Available at: http://www.ema.europa.eu [Accessed: 13 February 2018]

Communications FDS. FDA Warns of Serious Liver Injury Risk With Hepatitis C
Treatments Viekira Pak and Technivie. Silver Spring, MD, USA: Food and Drug
Administration; 2015. Available at: http://www.fda.gov/Drugs/DrugSafety/ucm468634.
htm [Accessed: 13 February 2018]

Technivie [Package Insert]. North Chicago, IL: AbbVie Inc.; 2015

Saxena V, Nyberg L, Pauly M, et al. Safety and efficacy of simeprevir/ sofosbuvir in hep-
atitis C-infected patients with compensated and decompensated cirrhosis. Hepatology.
2015;62:715-725

Jensen DM, O’Leary JG, Pockros PJ, et al. Safety and efficacy of sofosbuvir-containing
regimens for hepatitis C: Real-world experience in a diverse, longitudinal observa-
tional cohort [abstract]. In: Program and Abstracts of the 65th Annual Meeting of the
American Association for the Study of Livers Diseases; 7-11 November 2014; Boston,
MA. p. Abstract 45

Hoéner Zu Siederdissen C, Maasoumy B, Deterding K, et al. Eligibility and safety of the
firstinterferon-free therapy against hepatitis C in a real-world setting. Liver International.
2015;35:1845-1852

Sherigar JM, Gayam V, Khan A, et al. Clinical efficacy and tolerability of direct-acting anti-
virals in elderly patients with chronic hepatitis C. European Journal of Gastroenterology
& Hepatology. 2017;29:767-776

Synder SH, Ali B, Gonzalez HC, et al. Efficacy and safety of Sofosbuvir-based direct act-
ing antivirals for hepatitis C in septuagenarians and octogenarians. Journal of Clinical
and Experimental Hepatology. 2017;7:93-96

Kwo PY, Mantry PS, Coakley E, et al. An interferon-free antiviral regimen for HCV after
liver transplantation. The New England Journal of Medicine. 2014;371:2375-2382

Reddy S, Sharma RK, Mehrotra S, et al. Efficacy and safety of sofosbuvir-based antiviral
therapy to treat hepatitis C virus infection after kidney transplantation. Clinical Kidney
Journal. 2017;s£x112:1-5. DOI: 10.1093/ckj/sfx112

181



182

Hepatitis C - From Infection to Cure

[57]

[58]

[59]

Kamar N, Marion O, Rostaing L, et al. Efficacy and safety of sofosbuvir-based antivi-
ral therapy to treat hepatitis C virus infection after kidney transplantation. American
Journal of Transplantation. 2016;16:1474-1479

Sulkowski MS, Eron J], Wyles D, et al. Ombitasvir, paritaprevir codosed with ritonavir,
dasabuvir, and ribavirin for hepatitis C in patients co-infected with HIV-1: A random-
ized trial. JAMA. 2015;313:1223-1231

Naggie S, Cooper C, Saag M, et al. Ledipasvir and sofosbuvir for HCV in patients coin-
fected with HIV-1. The New England Journal of Medicine. 2015;373:705-713



Chapter 10

Hepatitis C Viral Dynamics Using a Combination
Therapy of Interferon, Ribavirin, and Telaprevir:
Mathematical Modeling and Model Validation

Philip Aston, Katie Cranfield, Haley O’Farrell,
Alex Cassenote, Cassia J. Mendes-Correa,
Aluisio Segurado, Phuong Hoang,

George Lankford and Hien Tran

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75761

Abstract

Groundbreaking new drugs called direct acting antivirals have been introduced recently for
the treatment of chronic Hepatitis C virus infection. We introduce a mathematical model for
Hepatitis C dynamics treated with the direct acting antiviral drug, telaprevir, alongside
traditional interferon and ribavirin treatments to understand how this combination therapy
affects the viral load of patients exhibiting different types of response. We use sensitivity and
identifiability techniques to determine which model parameters can be best estimated from
viral load data. Parameter estimation with these best estimable parameters is then performed
to give patient-specific fits of the model to partial virologic response, sustained virologic
response and breakthrough patients.

Keywords: hepatitis C dynamics, inverse problem, subset selection, sensitivity analysis,
identifiability analysis, automatic differentiation

1. Introduction

Over 200-300 million people worldwide are infected with a virus called Hepatitis C (HCV)
that affects the liver, which was discovered in 1989 [1]. It is usually spread by blood-to-blood
contact via intravenous drug use, poorly sterilized medical equipment and transfusions.
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Scarring of the liver and ultimately cirrhosis are just a few of the more severe complications
associated with HCV [2].

Six different genotypes of HCV exist due to the highly error prone RNA polymerase with the
most common being genotype 1 that has the lowest levels of response to standard treatment [3, 4].
Genotype 1 patients have about a 50% chance for sustained virologic response (SVR), while non-
genotype 1 patients have about an 80% chance for SVR [5]. The clinical data used for this study
were provided by the University of Sao Paulo, School of Medicine in Sao Paulo, Brazil and consist
of genotype 1 patients.

One of the first treatments for HCV was 6-12 months monotherapy with interferon glyco-
proteins. Interferon is naturally secreted from our bodies to fight off infection and
monotherapy treatment with them is associated with around 10% SVR [6]. The addition of
ribavirin (RBV), a drug believed to render some of the virus non-infectious, increased SVR
to around 30% [6]. RBV monotherapy is not recommended because it does not give a
significant benefit to SVR [7]. Until recently, the most common therapy was a combination
of pegylated Interferon (IFN) and RBV for 24—48 weeks that yielded about a 45% SVR [5, 6].
One of the major differences between IFN and standard inteferon glycoproteins is that the
pegylation allows the drugs to stay in the body longer [8]. There have also been clinical
trials with RBV monotherapy before and after IFN + RBV therapy as described in [9].
Recently, new drugs called direct-acting antiviral agents (DAAs) have raised the chance
for SVR for HCV patients.

DAAs give an increase to about an 80% chance for SVR for genotype 1 [10]. According to the
FDA, DAAs are drugs that interfere with specific steps in the HCV replication cycle by taking
advantage of the biological makeup of HCV [11]. HCV is a single-stranded RNA molecule that
is several nucleotides in length. During HCV’s life cycle, it is translated into a polyprotein that
is composed into structural and nonstructural proteins that aid in replication. During post-
translational processing, DAAs called protease inhibitors block a key protease from the repli-
cation process and hinders further infection [10, 12]. Among the protease inhibitors available
are boceprevir, telaprevir and simeprevir. Simeprevir is recommended over telaprevir and
boceprevir because of both improved efficacy and less side effects, but telaprevir continues to
be used because of its cost efficiency [13, 14].

Integration of mathematical modeling of viral dynamics with clinical data has led to further
understanding of how different treatment strategies dictate viral load dynamics. One of the
first mathematical models was given by Neumann et al. which attempted to describe HCV
dynamics with interferon monotherapy [4]. Improvements were made to the Neumann’s
model to better describe different mechanisms in the liver during treatment including the
regeneration of liver cells. Adjustments were also made to include the standard of care,
IFN, and RBV. Some of these modifications can be found in [5, 15]. In particular, Snoeck
et al. [5] had data after the end of the treatment phase so that the model can give a more
accurate representation of its prediction of SVR. The introduction of DAAs has ushered in
more mathematical models that include this type of therapy [16]. For example, mathemat-
ical models have been proposed using telaprevir monotherapy [17-20] and in combination
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with IFN and RBV [18] that uses Bayesian feedback to estimate the parameters in the
model. The challenges that come with modeling DAAs is that since they are relatively
new, there is not as much data available [17]. It can be difficult to predict SVR because of a
lack of data after the treatment phase ends due to how recent the drugs have been
approved.

This chapter introduces a novel approach for the development of a mathematical model
describing HCV dynamics given the triple-drug combination treatment of IFN, RBV, and the
DAA telaprevir. In Section 2, we describe how we adapted a previously known HCV model to
include telaprevir and the available clinical data. Section 3 describes the a priori analysis of
sensitivity and identifiability and its incorporation into the parameter estimation problem.
Section 4 gives the parameter estimation results using several patient specific clinical data
including partial virologic response, sustained virologic response and breakthrough. Finally,
concluding remarks are provided in Section 5.

2. Mathematical models of HCV dynamics

The original model for HCV dynamics in Neumann et al. [4] was frequently used to assess
viral-load profiles after short-term treatment and is given by

ar

E—s—dT—(l—n)ﬁVT,

dl

= (1= m)pVT - 31, @
av

T (1—¢e)pl —cV,

where T and I denote the concentrations of healthy and infected hepatocytes, and V
represents viral concentration in the liver fluid. One of the key contributions of the model
was the understanding of the mechanism of IFN. It was unknown whether it acted
through 1> 0 (i.e,, inhibiting the infection of healthy liver cells) or ¢ > 0 (i.e., reducing
virion production in infected cells). In [4], it is determined that it is through ¢ which
inhibits production of the virus. The drawback to (1) is that it cannot describe patients
exhibiting breakthrough, relapse, and most importantly SVR. These responses are reasons
that early viral response does not uniformly predict responses in the long term. Another
important aspect is the handling of viral load measurements below the lower limit of
quantification (LLOQ). Previous analysis omitted the data below LLOQ, but it can contain
critical information regarding long-term treatment outcome. Snoeck et al. [5] present a
mathematical model for the dynamics of HCV with the drug treatment combination of
IFN and RBV that attempts to address both the long-term responses and the use of the
LLOQ. The model described in [5] is given by the following system of nonlinear differen-
tial equations
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T+1

max

dl T+1
E_ﬁVIT+rI<1— . >—51,

%:s+rT(1— >—dT—ﬁV1T,b

dV max (2)
= (=) -opl -V,

av

d—tN’ =p(1—8)pl — cVyy,

where T (uninfected hepatocytes), I (infected hepatocytes), V; (infectious virions) and Vi
(noninfectious virions) are natural states (international units IU/mL). This model was adapted
from a standard model of viral infection [4]. The number of uninfected hepatocytes increases each
day with reproduction rate s and regeneration rate r. That number decreases each day as those
hepatocytes die naturally at a rate 4 or infected at a rate . The maximum number of hepatocytes
per mL is T The number of infected hepatocytes increases when the healthy liver cells are
infected and when the infected cells regenerate themselves. That number decreases when they die
off naturally at a rate 0. Infected hepatocytes produce both infectious and noninfectious virions at a
rate p. Virions are naturally cleared at a rate c. IFN inhibits virus production while RBV renders
some of the virus noninfectious. The drug efficacies of IFN and RBV are represented by ¢ and p,
respectively. The bounds for IFN and RBVare 0 < ¢<1 and 0 < p <1 where the more effective the
drug is, the closer the efficacy of the drug will be to 1. Snoeck uses data that extend beyond
treatment for patients so the terms € and p in (2) account for the exponential decays of the efficacies
of the drugs after treatment has ceased. The exponential decay of the drug efficacies is given by

g = Eeik(titmdLr/ (3)
and

ﬁ — peik(tftend)Jr/ (4)

where k is the efficacy decay rate, ¢,y marks the end of treatment, and

{a if a>0,

a =
(@), 0 otherwise.

The drug efficacies ¢ and p are related to the drug dosage levels by the following expressions

DOSQPEG
€= , ©)
}5:]:)50[,EG + Dosepgg
and
DOSERBV
(6)

p= ED50RBV + Dosegrgy !

where Dose pgg is the weekly subcutaneous dose of IFN and EDsg,,. is the estimated weekly
dose that causes 50% inhibition of virion production. Dosegpy represents the daily dose of
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Parameter Value
s 6.17 x 10* Mo
r .00562 day
-9 m
B 8.7 x 1077 o
0 139 day ™!
c 4.53 day ™
Trmax 1.85 x 107 h—ewﬁfytes
d .003 day ™!
P 251 hepz:/tgi(;'?:»day
e 896
p 4-6
k .0238 day

Table 1. Typical values from [5].

RBV/kg body weight, and EDs,,, represents the estimated daily dose in mg/kg that makes
50% of the virions noninfectious. Biologically, all state variables and parameters are non-
negative. Typical values for model parameters used by Snoek et al. [5] are given in Table 1.

2.1. HCV model with DAA

Snoeck’s model is adapted to incorporate the DAA, telaprevir. Recall that a DAA targets
specific parts of the genome of the virus to inhibit both replication and infection. The hindrance
of replication of the virus in the infected hepatocytes results in the virus not being produced by
those cells. This means that the DAA should be implemented as part of the infection term,
BTV, for inhibiting infection and viral production terms, pV; and pV;,, for inhibiting replica-
tion of the virus in (2). However, after simulations and analysis, it is concluded in this study
that the obstruction of the infection and replication of the virus by telaprevir can be described
solely as an amplifier for mitigating the production of virions alongside IFN. With this
assumption, the model in [5] is modified to include the triple drug combination of IFN, RBV
and telaprevir as follows:

max

T:s+rT<1—17:+I> _dT - BV|T

i—ﬁV,T+rl<1—T+I)—6I @)

Tmax
Vi=(1-p)A-8)1-p)pl —cV;
VNI = ﬁ(l — E)(l — 7);’)1 — CVN[,

where ¥ represents the exponential decay of the telaprevir efficacy and is defined similarly
as for € and p (see (3) and (4)). In [21], existence and uniqueness of solutions to this updated
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HCV dynamical model were established, and a steady-state stability analysis was also
performed.

2.2. Treatment schedule

The data in this research uses the treatment schedule timeline as follows (also summarized in
Figure 1).

1. The patient is treated with the triple drug combination of IFN + RBV + telaprevir for the
first 12 weeks.

2. If at 12 weeks, viral load > 1000 IU/mL, then discontinue treatment. Otherwise, continue
12-week treatment of IFN + RBV.

3. If at 24 weeks, viral load > LLOQ (12-15 IU/mL), then discontinue treatment. Otherwise,
continue 12-week treatment of IFN + RBV.

4. If at 36 weeks, viral load > LLOQ, then discontinue treatment. Otherwise, continue 12-
week treatment of IFN + RBV.

5. End of treatment at 48 weeks.

'u'.?r::fs- 12-24 Z24-36 36-48
ey Weeks: Weeks: |

IFN + RBY IFN + RBY IFN + RBY

TVR + IFN
+ RBY

Figure 1. Treatment schedule for patients used for data received from patients treated at University of Sao Paulo, School
of Medicine in Sao Paulo, Brazil.

3. Subset selection

The forward problem refers to using a model to predict the future behavior of a system given
a set of parameters. The inverse problem, on the other hand, is the parameterization of a model
from empirical data [22-24]. There have been extensive studies about parameter selection
while solving the inverse problem for biological models and other applications that can be
found in [3, 22, 25-27] and references therein. In this study, we use a simple algorithm to
choose a subset of parameters to be estimated from clinical data based on both sensitivity and
identifiability as follows:

1. Start with the full parameter set Q.
2. Remove parameters that are not locally sensitive to attain Qs C Q.

3. Remove parameters that are not locally identifiable from Qg to obtain sensitive and
identifiable parameter set Qg;
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Since these are local analyses, this procedure is repeated over a large number of parameter sets
and the parameters that appear most often in Qg; are the parameters that are estimated. All
other parameter values are fixed to values from the literature. A biological and structural
explanation for some of the fixed parameters is given in the next section.

3.1. Fixed parameters

The assumptions for fixed parameters are the same as in [5]. Since the maximum number of
hepatocytes in the liver is 2.50 x 10'! and HCV RNA is distributed in plasma and extracellular

fluids with a volume of ~ 1.35 x 10* ml, then T, = 2]-3%111‘3;; — 1.85 x 107. d is obtained from

hepatocyte turnover being every 300 days and s = T - d can be deduced in the absence of

liver disease. p is always fixed because p(1 — ¢) appears in V and Vy; making p and &,
impossible to estimate uniquely. The rest of the parameters will be considered in the sensitivity
analysis.

3.2. Sensitivity analysis

A sensitivity analysis is the process of understanding how the model output is affected by
changes in the parameters. Sensitivity analyses are used in many branches of mathematics
such as statistics, partial differential equations (PDEs), and control design [28, 29]. The param-
eters that give the most change in the output are said to be sensitive parameters. This is
important in the forward problem because it allows an understanding of which parameters will
give useful information. Once the parameters have been identified, a sensitivity analysis for the
inverse problem is usually performed to determine the sensitive parameters. Parameters with
minimal impact are fixed from the literature. There are two different types of sensitivity
analysis: global and local. A global sensitivity analysis heavily depends on the structure of
the model and quantifies how uncertainties in outputs can be apportioned to uncertainties in
inputs. We refer the reader to [30] for a more comprehensive discussion. Our study uses a local
sensitivity analysis that depends on the prescribed values of the parameters.

3.2.1. Sensitivity equations

The sensitivity analysis presented in this section uses a derivative-based approach. Consider
the general form of an ODE model and a function z of its output

dy .
E_f(ta:%q)/ (8)
z=g(ty;q),

whereby the vectors y and g contain the variables and parameters of the model, respectively.
Since we are concerned with how our model output, z, is influenced by changes to our
parameters, g, then we consider the partial derivative of z, g—';, with respect to . One approach
to computing this partial derivative is by solving the associated sensitivity equations. Differ-
entiating both sides of the output Eq. (8) with respect to the parameter q yields
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0z 6g6t+6g6y+6g6q
97 0Otdg dydg  dq0q

%y, %
dydg o
since & a =0andj Bq = 1. The two components S and g—‘; can be directly calculated from g, but can

be cumbersome to do by hand depending on the complexity of the function g. Thus, one can
employ automatic differentiation to evaluate these derivatives. Since any mathematical func-
tion can be decomposed into elementary functions, automatic differentiation numerically
implements the chain rule and basic arithmetic equations repeatedly to compute the total
derivative of a function with accuracy to working machine precision [31]. This is achieved with
table lookups and tabulating all the functional compositions [32, 33]. An automatic differenti-
ation (AD) code developed by Martin Fink in MATLAB was employed [34]. Finally, to calcu-

late S—Z, it is noted that y is continuous in ¢ and 4. Since g—z exists, by taking the partial derivative
with respect to g of the state equations and reversing the order of differentiation [35], we obtain
0 (dy\ _d (dy 6f6t+6f6y+6f6q
oq ~dt\oq 0tdg 0yoq 0q0q

_Yy
S oydg o

(10)

Similar to %g and g‘g gf; and ; are calculated using automatic differentiation. From (10), the

sensitivity equations are glven by the following coupled system of differential equations

d
Y~ f(t.y:q),

() vy
dt\og) 0999 9gq°

(11)

Solving the sensitivity equations ylelds o Which, in turn, glves = from (9).

3.2.2. Model considerations and sensitivity results
The sensitivities of each parameter are ranked to obtain which parameters are most sensitive.
Since there is a large range of parameter and viral load values, each parameter, g, is log scaled

in association with the state variable, y, that is,

dlogw(y) _ 9 dy

dlogio(q,) ¥,

is considered instead of - This allows a comparison of the sensitivities of each parameter

using similar magmtudes. The I,— norm is used to nondimensionalize the sensitivities over
time so the following sensitivity coefficient is considered for each parameter
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2 1
v (o [ 4
= 1Jayl(qf)dt. (12)
tr—to )y, bqj maxy,

Eq. (12) is defined to be the relative ranking sensitivity of each variable y; in y with respect to

dy;
bqj

i =

2

each individual parameter g;.

Since the local sensitivity analysis depends on values in g, independent sets of parameters that
have a log-normal distribution are created from the population-based model fit in Snoeck et al.
[5]. That is, a sequence of independent parameter sets {g, } is generated from this distribution
using the typical values from [5] as the mean. To determine pseudo-global sensitivities, a
sensitivity coefficient, Sfj, is computed for each parameter in the k th parameter set. Then, if B
parameter sets are to be analyzed, then an average for all the parameter sets is computed by

B
Sij=2%>_ Sk (13)
k=1

se il

A cutoff is determined based on the ranking of the averages attained in (13). Those parameters
above the cutoff are further examined in the identifiability analysis. This method is a version of
what is referred to as Morris Screening in [30]. Similar to the work done here, the Morris
algorithm [36] averages local derivative approximations to provide more global sensitivity
measures. The difference being that the variance in the parameter sets is also considered. Here
that variance would be given by

B _\2
0% = %Z (sg - s,,») . (14)
k=1
As explained in [30], while the mean (13) quantifies the individual effect of the input on the
output, the variance (14) estimates the combined effects of the input due to nonlinearities or
interactions with other inputs. The reader is referred to [30, 36] and references therein for a
more detailed analysis of Morris Screening. It is noted that only the marginal distributions are
given in [5], so computations are ignorant of any covariances between parameters. The data

that were used contain only the viral load observations. So the sensitivities of V = V; + Vy; are
of interest. Therefore, (8) is considered where

y=[TIV,Vn],

with output

Z:V:VI+VN[.

Two different sets of time points are used during this analysis. The first and second set of time
points come from the partial virologic response (PVR) case and Breakthrough case, respec-
tively. This will provide a better illustration of sensitivities given that treatment decays in the
Breakthrough case, but does not in PVR. The sensitivity rankings are given in Figure 2 for over
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Figure 2. Sensitivity rankings using PVR (a) and Breakthrough time points (b).

2000 (a) and 400 (b) parameter sets, respectively. Error bars that are two standard deviations
from the mean are included. The sensitive parameters for the PVR and Breakthrough time
points are Qpyr = {6,¢,B, 7,7} and Qg = {6,¢,B,7,p,7, €}, respectively. These parameters are
considered in the identifiability analysis. Note that y is always considered in the identifiability
analysis due to there not being a value from the literature to fix it to for this model. It is used to
determine whether it affects the identifiability of other parameters.

3.3. Identifiability analysis

After deciding which parameters are sensitive, consideration is given to understanding which
sensitive parameters can uniquely be identified from the data. In this study, we employed a
sensitive-based approach for local identifiability analysis. To this end, we consider the param-
eters contained in 4 which minimize the cost function

1 . 2
J@) =52 (Vi=V(tsq),
i=1

1

with V(t;q) denoting the model output and V', denoting the corresponding data value at time
point ¢; fori = 1, ...N, where N is the number of data values. Similar to [37], let us assume that g*
is the minimum of this cost function. Then by using a Taylor series expansion around g*, we
obtain

dv(ti; ’1*) (q

Vitng) = Vi) + = o

—q)+...

If we only consider the first two elements of V(#,q) under the assumption that g=4* and
substitute this expression into the cost function we find that
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N e 2
J(q) = ! Z(Vé - V(t;q7) —%(rrﬁ)) ,
LN dV(tg) L)
= ;(7@ (9—q )),

where we used the fact that 4* is the minimum of the cost function so that Vz, =V(ti;q%). Let

Z|

(15)

Z|

rdv av av 7
d—ql(tl) d—qz(fl) d—ql(tl)
av av av
A% — - . 2
ST ag g™, (16)
av v L
_d_lh(tN) d—qz(fN) d_q,(tN)_

be an (N x I) sensitivity matrix relating to the sensitivities % (t;) of the output withi=1,..., N
]

andj =1, ..., I, where | denotes the number of parameters. The cost function of (15) is rewritten
in terms of this sensitivity matrix

Ja) = 5y (5g — ) (Slg ~ ),
1
=~ (529" (5Aq),

where Aq =g —g*. Rearranging Aq =g — g%, we formulate the cost function in terms of
7"+ Ag:

i 1
J(q* + Aq) = NAquTSAq. (17)

If we suppose that Aq is an eigenvector of 'S with STSAq = AAg, then we have

1
J(g" + Aq) = 529" (AAg),

1 2
= S AlglE.

We note that if Ag is an eigenvector with eigenvalue A = 0, then the cost function to second-
order approximation is J(q* + hAg) = 0. The least squares cost function does not change
values when moving from ¢* to g* + hAg, with h arbitrary. Thus, the parameters are locally
unidentifiable at g*. If S'S has very small eigenvalues, this can also be a problem
for parameter identification. There have been studies about how the Fisher Information
Matrix (STS) can be used for parameter identification [38, 39]. For example, in [38], they
search all possible parameter combinations and choose them based on the rank of the
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sensitivity matrix, S, and asymptotic standard error uncertainty. We use the following
algorithm as described in [39] to determine which of the parameters in our model will be
unidentifiable.

1. Create the matrix S'S, compute its eigenvalues, and order them such that

[A1]<]Az] S <Ayl

2. If |A] is less than some threshold ¢ (typically taken to be 107*), we say that there is a
parameter that is unidentifiable.

3. The largest magnitude component of the eigenvector Ag, associated with the eigenvalue
A1 corresponds to the least identifiable parameter. Remove the corresponding column
from S and repeat step 1.

After performing this procedure, we now have a set of sensitive and locally identifiable
parameters to estimate. The rest of the parameters are set to “typical values” found
in the literature. The identifiability algorithm is applied to all the parameter sets of sensitive
parameters, Qpyr and Qp,, obtained in the previous section. It is observed from Figure 3 that
the parameters in Qpyp = {6, c, B, )/} are identifiable at least 50% of the time and the parame-
ters in Qg = {6, ¢, By, e} are identifiable at least 50% of the time. The parameters contained
in Qpyr and Qp,, are those that will be estimated from the clinical data.

100

% in final subset
9% in final subset

r ¥ & i . [ #
Parameter

(a) (b)

Figure 3. Final subset percentages using PVR (a) and Breakthrough time points (b).

4. Parameter estimation

The parameters in Qpyr and Qp,, are estimated using the weighted sum of squares of errors
(WSSE) given by
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N
Jg) =Y willog (V) — log (V(tiza))]” (18)

where w; is the weight for the error term [log (V') — log (V(t;4q))] at time #, VY is data
measurement of viral load at the i th time point and V(#;4) is the model output with param-
eters q. We used both sampling and gradient based methods to minimize this function
implemented in MATLAB. The model was fit to three data sets; namely, PVR, ETR (end-of-
treatment response) and Breakthrough. PVR represents when the patient has an initial positive
reaction to the therapy, but then the viral load rebounds during treatment and never goes
below detection. ETR represents when the viral load drops below detection and does not
rebound. Breakthrough represents when the patient’s viral load drops below detection, but
rebounds. In our data, the LLOQ is 15 IU/ml. When the data drop below the LLOQ, least
squared estimation does not suffice as a statistically rigorous methodology. Instead, we
employ the expectation maximization (EM) [40] to compute maximum likelihood estimates of
our patient specific parameters. For a detailed description of the EM algorithm, we refer the
reader to [41]. The RBV dosage depends on the patient’s body weight and was sometimes
modified during treatment due to different symptoms of the patients such as blood thinning.
The patients experiencing PVR and Breakthrough had constant RBV dosage for the entire
treatment while the patient exhibiting ETR had modified dosage. The RBV efficacy is fixed to
p = .1222 from [22] for the PVR and Breakthrough patients. The efficacies for the ETR patient
were modified based on time, £, in days since initial treatment and are presented in Table 2.

The parameters not in Qpyy or Qg are fixed to the values in Table 3 from [5, 22]. As in [5], the
infected steady state is used for the initial conditions for (7) because the patients considered
had chronic infection. The values in Table 4 are obtained after estimating the parameters in
Qpyr and Qg These estimates produce the model fits (graphs on the left) and residuals
(graphs on the right) in Figures 4-6. It is noted that in Figure 6, the ETR patient’s viral load
goes to zero, and the residuals for censored data are set to zero.

In practice, the mathematical model is never exact (model misspecification), and the data
contain noise (human errors, instrument errors). Hence, confidence and prediction intervals
are used to understand the extent of uncertainty involved in estimating our parameters. In

Parameter t<27 27 < t<83 t>83

p 5127 .3185 219

Table 2. Patient ETR’s RBV efficacies based on modified dosage.

Parameters s r Trax d p £

Values 6.17 x 10* .00562 1.85 x 107 .003 25.1 .6138

Table 3. Fixed parameter values from [5, 22].
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Patient PVR ETR Breakthrough
B 11883 + .0462 7211 3293

¢ 2.717 +2.724 11.67 2.089

y 9987 £ .0015 19999 6575

B 1.875 x 107° £+ 1.688 x 10 8.684 x 1078 2259 x 107

€ 6138 19829 9875

Table 4. Values from parameter estimation for (7).
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Figure 4. Viral load model fit (a) and residual plot (b) for PVR patient data.
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Figure 5. Viral load model fit (a) and residual plot (b) for Breakthrough patient data.
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Figure 6. Viral load model fit (a) and residual plot (b) for ETR patient data.

calculating these intervals, standard errors are computed from the model predictions using the
parameters that have been estimated. Moreover, 95% parameter and predictive confidence
intervals and prediction intervals for the PVR parameters (attached as half-widths in Table 4)
and predictions are calculated using the asymptotic theory outlined in [22, 27, 30, 41, 42]. The
predictive confidence intervals and prediction intervals are shown in Figure 7.

5.1. Discussion

The higher values in ¢ and 0 in the ETR patient lead us to believe that the immune
response along with the drugs has a stronger impact on the mutation and clearance of
the virus. It is known that the immune response is strongly correlated with the clearance
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Figure 7. Predictive confidence intervals (a) and prediction intervals (b).
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of the virus. Since the initial conditions of (7) are at the infected steady state, introduction
of the drugs could be a mechanism to jump start the immune response. We note that even
when the virus is not cleared, telaprevir still has a strong impact on viral load decay. This
behavior corresponds with how powerful DAAs can be in reducing viral load even when
it rebounds. The rebound could be because of mutations which are neglected in this
model as stated earlier. There is a dip at around the 150th day in the Breakthrough
response that is unquantifiable due to lack of information regarding the other three states
or a dynamic immune response. However, this type of dip is observed in [5, 27] where
data are available around this time. We conjecture that this dip is due to the immune
response being stimulated by the spike in viral load and infection. The residuals in the
PVR fit in Figure 4 seem to be i.i.d. because the errors seem to be randomly distributed
and are on both sides of the zero axis. This is unlike the Breakthrough fit in Figure 5
which have most of the residuals above the zero axis. The predictive confidence intervals
and prediction intervals look almost the same because the variance is very small, and the
model fits the data very well. The reader is referred to [30] for further details on differ-
ences between the predictive confidence intervals and prediction intervals.

6. Conclusion

The missing data between weeks 12-24, 24-36 and 36—48 for the ETR and Breakthrough
patients make parameter estimation challenging. The predictions would also be more
robust if information concerning states T, I, and V; were available. These issues should
be considered when making remarks about the estimations and confidence measures.
DAAs were introduced in 2011, so there is not as much data available, but in the future,
we hope for a larger quantity of data to make more precise estimations.

This chapter describes a model for patients with HCV who are treated with IFN, RBV, and
telaprevir combination therapy. The development of this model was motivated by the
desire for a model that can be validated and calibrated using sensitivity and identifiability
techniques while simultaneously incorporating the new DAA, telaprevir. The model can
be used to accurately describe patients exhibiting PVR, ETR, and Breakthrough.
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