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Preface

Hepatology is a rapidly evolving medical field and will continue to be very exciting
over the next few decades. The situation in viral hepatitis is similar to the HIV field
10-15 years ago when it started to become better understood and treatable. Today,
hepatitis B viral replication can be suppressed by potent antiviral drugs but there are
risks for the emergence of resistance. Strategies to enhance the eradication rates of
HBYV infection still need to be developed. On the other hand, hepatitis C virus infec-
tion can be eradicated by treatment with pegylated interferon plus ribavirin. However,
particularly in those infected by HCV genotype 1 the sustained virologic response
rates are still suboptimal. Many new antiviral drugs, especially protease and poly-
merase inhibitors, are currently in preclinical and clinical development, and the first
data from larger clinical trials provide some optimism that the cure rates for patients
with chronic hepatitis C will be enhanced with these new agents. In other areas of
hepatology, e.g., for hereditary and metabol ic liver diseases, our knowledge is rapidly
increasing and new therapeutic options are on the horizon.

Are books in rapidly evolving areas such as hepatology the right medium to gather and
summarize the current knowledge? Are these books not likely to be outdated the very
day they are published? This is indeed a challenge that can be convincingly overcome
only by rapid internet-based publishing with regular updates. Another unmatched ad-
vantage of a web-based book is the free and unrestricted access everywhere. Viral
hepatitis and other liver diseases are a global burden and timely information is impor-
tant for physicians, scientists, patients and health care officials all around the world.

The editors of this web-based book — Thomas Berg, Stefan Mauss, Jiirgen Rockstroh,
Christoph Sarrazin and Heiner Wedemeyer — are young, bright, and already interna-
tionally renowned hepatologists who have created an excellent state-of-the-art text-
book on clinical hepatology. The book is well-structured and written and provides in-
depth information without being lengthy and redundant. I am convinced that all five
will remain very active in the field and will update this book regularly as the science
progresses. The book should rapidly become an international standard.

Frankfurt, 24 January 2009
Stefan Zeuzem

Preface

Therapeutic options and diagnostic procedures in hepatology have quickly advanced
over the last decade. In particular, the management of viral hepatitis has completely
changed since the early nineties. Before nucleoside and nucleotide analogues were li-
censed to treat hepatitis B and before interferon alpha / ribavirin combination therapy
was approved for the treatment of chronic hepatitis C, very few patients infected with



HBYV or HCV were treated successfully. The only option for most patients with end-
stage liver disease or hepatocellular carcinoma was liver transplantation. However,
even if the patients were lucky enough to be successfully transplanted, re-infection
of the transplanted organs remained a major challenge. In the late eighties and early
nineties discussions were ongoing about whether to reject patients with chronic hepa-
titis from the waiting lists because post-transplant outcome was poor. Today, just 15
years later, hepatitis B represents one of the best indications for liver transplantations
as almost all re-infection can be prevented. In addition, the proportion of patients who
need to be transplanted is declining because almost all HBV-infected patients can
nowadays be treated successfully and reach complete suppression of HBV replica-
tion and some patients can even clear HBsAg, the ultimate endpoint of hepatitis B
treatment. Hepatitis C has also become a curable disease with sustained responses
of 50-80% using pegylated interferons in combination with ribavirin. The future of
HCV treatment using direct HCV enzyme inhibitors is in Phase I-11I trials but has not
reached clinical practice yet.

Major achievements for the patients sometimes lead to significant challenges for the
treating physician. Is the diagnostic work-up complete? Did I miss any recent devel-
opments in order to evaluate correctly the stage and grade of liver disease? What sen-
sitivities are really necessary for assays to detect hepatitis viruses? When exactly do [
need to determine HBV polymerase variants before and during treatment of hepatitis
B? When can I safely stop treatment without risking a relapse? How to treat acute
hepatitis B and C? When does a health-care worker need a booster vaccination for
hepatitis A and B? These are just some of the many questions we have to ask ourselves
frequently during our daily routine practice. With the increasing number of publica-
tions, guidelines and expert opinions it is getting more and more difficult to stay up-
to-date and to make the best choices for the patients. In this respect, HEPATOLOGY
2009 - A Clinical Texbook is a very useful new tool which gives a state-of-the art
update on various aspects of HAV, HBV, HCV, HDV and HEV infections. The editors
are international experts in the field of viral hepatitis; all have made significant con-
tributions to understanding the pathogenesis of virus-induced liver disease, diagnosis
and treatment of hepatitis virus infections.

Hepatology 2009 - A Clinical Texbook gives a comprehensive overview on the epide-
miology, virology, and natural history of all hepatitis viruses including hepatitis A, D
and E. Subsequent chapters cover all major aspects of the management of hepatitis B
and C including coinfections with HIV and liver transplantation. Importantly, compli-
cations of chronic liver disease such as HCC and recent developments in assessing the
stage of liver disease are also covered. Finally, interesting chapters on autoimmune
and metabolic non-viral liver diseases complete the book.

We are convinced that this new up-to-date book covering all clinically relevant as-
pects of viral hepatitis will be of use for every reader. The editors and authors have to
be congratulated for their efforts.

Michael P Manns
Hannover, 24 January 2009



Foreword 2010

Because hepatology is such a dynamic and exciting area of medicine, regular updates
are mandatory in keeping a clinical textbook useful. We are delighted to present this
Second Edition of Hepatology - A Clinical Textbook. The First Edition was a major
success, with more than 80,000 downloads worldwide. In addition, a Romanian trans-
lation was carried out by Camelia Sultana and Simona Ruta shortly after the appear-
ance of the first edition. We invite qualified people everywhere to do the same, into
any appropriate language! This web-based free-of-charge concept made possible by
unrestricted grants from Roche and Gilead has allowed the material to reach countries
usually not easily covered by print media, a special quality of this project. We hope
this Second Edition of Hepatology - A Clinical Textbook will continue to be a valu-
able source of information for our readers.

The Editors
Thomas Berg, Stefan Mauss, Jiirgen Rockstroh, Christoph Sarrazin, Heiner Wedemeyer
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Chapter 1: Hepatitis A - Epidemiology,
transmission and natural history

Johannes Lenz

Genomic Organisation

The hepatitis A virus was identified in 1973 (Feinstone 1973). It is a 27 nm, positive-
stranded RNA, non-enveloped, icosahedral virus of the heparnavirus genus of the
Picornaviridiae. Its viral genome contains 7474 nucleotides that are grouped into three
regions: a 5’ and a 3’ non-coding region and a 6681 nucleotide open reading frame.
The polypeptide encoded by the open reading frame is processed by a viral protease,
resulting in eleven proteins of which four are structural and seven are non-structural.
Four distinct HAV genotypes in humans have been identified, although significant
biological differences have not been found (Lemon 1992).

Epidemiology

Hepatitis A infection occurs worldwide sporadically or in epidemic outbreaks. There
is an estimated caseload of 1.4 million cases per year (Viral Hepatitis Prevention
Board 1997). As it is transmitted and spread via the faccal-oral route (Hollinger 1996),
it shows higher prevalence in areas with low socio-economic status where adequate
sanitation or adequate hygienic practices are lacking. The incidence of 1.5 per 100,000
in industrialised countries, e.g., the United States or Germany (Wasley 2007; RKI
2000), is low compared to developing countries (parts of Africa, Asia, Central and
South America) where it may reach up to 150 per 100,000 per year (WHO).

Transmission
HAV is generally acquired via the faecal-oral route either by person-to-person contact or
ingestion of contaminated food or water, as well as sexually via analingus. Hepatitis A
is an enteric infection spread by contaminated excreta. High concentrations of virus are
shed in the stools of patients 3 to 10 days prior to the onset of illness and until one to two
weeks after the onset of jaundice. Faecal excretion of HAV persists longer in children and
in immunocompromised persons (up to 4 to 5 months after infection) (Hollinger 1996).
Persons in psychiatric institutions or day-care centres, health care providers, mili-
tary personnel and men who have sex with men (especially when practicing anal in-
tercourse) are at higher risk of infection. Parenteral transmission via IV drug use or
transfusion of blood products is rare because of the short period of HAV viraemia
during acute infection. Mother-to-foetus transmission has not been reported.

Clinical course

Hepatitis A infection can take a wide spectrum of clinical courses ranging from as-
ymptomatic or subclinical infection to cholestatic presentation or even to fulminant
liver failure. In children most infections are asymptomatic, while in adults 70% show
clinical illness. Anicteric symptomatic HAV is more frequent than icteric disease, as
only 30% of patients develop jaundice.
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The incubation time averages 30 days (15 to 49 days). The illness begins with the
abrupt onset of unspecific prodromal symptoms including fatigue, malaise, nausea,
vomiting, anorexia, fever, abdominal discomfort, and right upper quadrant pain (Led-
nar 1985). Within one week, patients with an icteric course note darkened urine, light-
coloured acholic stool, jaundice, and often pruritus. The prodromal symptoms usually
diminish when jaundice appears. The jaundice is most intense typically within the
first two weeks. Decrease and subsequent normalisation of serum aminotransferases
occurs rapidly and before a decrease or normalisation of serum bilirubin.

A biphasic or relapsing form of viral hepatitis A occurs in 6-10% of cases. The initial
episode lasts 3-5 weeks and is followed by a period of remission characterised by nor-
mal liver chemistries lasting 4-5 weeks. Relapse may mimic the initial episode of the
acute hepatitis. The full duration of the illness ranges from 16-40 weeks from the onset,
and HAV-IgM antibodies persist throughout the clinical course (Schiff 1992).

A severe fulminant course of HAV with hepatic failure is found more often in pa-
tients with underlying liver disease. Patients with chronic hepatitis C have a greatly
increased risk of hepatic failure, while HBV coinfection is less perilous (Vento 1989).
Other risk factors are age, malnutrition and immunosuppression.

The available data on HAV in pregnant women is not conclusive. Some data show
a risk of gestational complications and premature birth (Elinav 2006; Zhang 1990)
while others have not observed such complications (Tong 1981).

Hepatitis A infection has been reported as a trigger for autoimmune chronic active
hepatitis (CAH) in genetically susceptible individuals (Vento 1991). In 58 monitored
relatives of patients with CAH, three cases of subclinical HAV occurred. Two of these
developed CAH within 5 months of HAV infection. Both showed a defective T cell
control of immune responses to the asialoglycoprotein receptor with ongoing T helper
cell activation after the clearance of HAV.

Overall, a lethal course of HAV occurs in 0.1% of children, in 0.4% of persons aged 15-39
years, and in 1.1% in persons older than 40 years (Lemon 1985). Although a relapsing form
of HAV (mentioned above) is known, the infection does not progress to a chronic state.

Clinical presentation

Jaundice and hepatomegaly are the two main findings in a physical examination. They
are seen in 70 and 80% of symptomatic patients, respectively (Tong 1995). Other find-
ings are splenomegaly, evanescent rash, cervical and other lymphadenopathies.

Extrahepatic manifestations

Although less frequent than in HBV infection, extrahepatic manifestations have been as-
sociated with acute HAV infection (Schiff 1992). Cutaneous vasculitis is typically located
on the legs and buttocks. Skin biopsies reveal the presence of anti-HAV IgM and compo-
nents of the complement system in the blood vessel walls. Also, arthritis appears to have
a predilection for the lower extremities. Both arthritis and vasculitis have been associated
with cryoglobulinaemia. Manifestations in the nervous system such as transverse myeli-
tis, optic neuritis, and polyneuritis may also be immunocomplex-related. Haematological
complications include thrombocytopenia, aplastic anaemia, and red cell aplasia. These
conditions appear to be more likely in patients with prolonged symptoms.
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Laboratory findings

In symptomatic patients typical laboratory findings are marked elevations of serum
aminotransferases, alkaline phosphatase, and serum bilirubin (Tong 1995). Serum ala-
nine aminotransferase (ALT) usually shows higher values than serum aspartate amin-
otransferase (AST) and concentrations exceeding 1000 IU/L are common.

The increase of serum aminotransferase precedes the elevation of serum bilirubin
and the peak of bilirubin concentration occurs after the peak of aminotransferase con-
centration. Serum bilirubin often exceeds a concentration of 10 mg/dl. Other labora-
tory abnormalities include elevations of acute phase reactants, an elevated erythrocyte
sedimentation rate, and increased immunoglobulins.

Diagnosis

The specific diagnosis of acute HAV infection is made by the detection of serum
anti-HAV IgM antibodies in those with symptoms of acute hepatitis. This antibody
is present in 99% of patients by the time of appearance of clinical symptoms. There-
fore, it is the gold standard for detection of acute HAV. Anti-HAV IgM concen-
tration peaks in the second month of infection and then gradually decreases until
it becomes undetectable, usually after 6 to 12 months. Sometimes anti-HAV 1gM
persists longer and therefore, detection in asymptomatic individuals does not nec-
essarily indicate acute infection, as it could be an effect of previous asymptomatic
HAV contact (CDC 2005).

Detection of HAV in stool, body fluids, serum and liver tissue by either electron
microscopy or polymerase chain reaction (PCR) is more complicated and expensive.
Anti-HAV IgG antibodies are formed in the early convalescent phase, remain positive
for decades, and provide long-lasting, if not lifetime immunity to re-infection.

Treatment

Because acute hepatitis A is a self-limiting disease and in most cases resolves spon-
taneously without residual damage or sequelae and no specific therapy is available,
the treatment is based on monitoring. In 85% of cases, clinical symptoms and labo-
ratory abnormalities resolve within 3 months. After 6 months almost all patients
have complete recovery (Koff 1992). More severe courses require hospitalisation.
In an outbreak in Pennsylvania, USA, 20% of patients had to be admitted to hospital
(Wheeler 2005). The rare cases that progress to fulminant hepatic failure (impaired
synthetic function, hepatic encephalopathy) require aggressive monitoring therapy.
These patients should be transferred to a centre that is capable of performing liver
transplantation.

Prevention

HAV is predominantly transmitted faecal-orally by ingestion of contaminated foods
and water. Therefore proper preparation of foods especially in areas where HAV is
endemic is crucial to avoid infection (“cook it, peel it, or leave it”). A second option is
vaccination. There are several effective and highly immunogenic vaccines commer-
cially available (Hammitt 2008). The issue is discussed in more detail in Chapter 7,
‘Prophylaxis and vaccination of viral hepatitis’.
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Chapter 2: Hepatitis B - Epidemiology,
transmission and natural history

Jan-Christian Wasmuth

Introduction

It is estimated that 40% of the world’s population has had contact with or are car-
riers of the hepatitis B virus (HBV). This corresponds to an estimated 350 million
HBYV carriers (Goldstein 2005). Thus, HBV infection is one of the most important
infectious diseases worldwide. Around one million persons die of HBV-related causes
annually. There is a wide range of HBV prevalence rates in different parts of the
world. HBV prevalence varies from 0.1% up to 20%. Low prevalence areas (0.1-2%)
are Western Europe (with wide variation within Europe), United States and Canada,
Australia and New Zealand; intermediate prevalence (3-5%) are the Mediterranean
countries, Japan, Central Asia, the Middle East, and Latin and South America; and
high prevalence areas (10-20%) southeast Asia, China, and sub-Saharan Africa. This
diversity is probably related to differences in the age at infection, which correlates
with the risk of chronicity. The progression rate from acute to chronic HBV infection
decreases with age. It is approximately 90% for an infection acquired perinatally, and
is as low as 5% (or even lower) for adults (Stevens 1975; Wasley 2008).

The incidence of new infections has decreased in most developed countries, most
likely due to the implementation of vaccination strategies (Rantala 2008). However,
exact data are difficult to generate as many cases will remain undetected due to the
asymptomatic nature of many acute and chronic infections (RKI 2007). Nevertheless,
in Germany 2524 cases of acute hepatitis B were documented in the year 2006, corre-
sponding to an incidence rate of 1.4 per 100,000 inhabitants. In 1997 there were 6135
documented cases of acute hepatitis B. Likewise, the incidence of acute hepatitis B in
the United States has decreased by 78% from 1990 to 2005 (Wasley 2008). It is ex-
pected that this number will further decrease in countries with implementation of vac-
cination programs. In Germany 87% of all children starting school were completely
vaccinated in 2006 with a trend toward increasing coverage (Poethko-Muller 2007).

Although the incidence of acute HBV infection has decreased in most countries due
to the implementation of vaccination programs, HBV-related complications such as
cancers and deaths have been on the increase (Gomaa 2008). Reasons might be the
delay of vaccination effects, improved diagnosis, and better documentation of HBV
cases. Although a drop in prevalence has been observed in many countries, estimates
are difficult due to a continuously growing migration from high or medium prevalence
areas to low prevalence areas (Belongia 2008).

Transmission

The routes of HBV transmission:
e Sexual
*  Percutaneous (Intravenous Drug Use)
e Perinatal
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*  Horizontal

*  Transfusion

*  Nosocomial infection (including needle-stick injury)
*  Organ transplantation

There is considerable variation in the predominance of transmission modes in differ-
ent geographic areas. For example, in low prevalence areas such as Western Europe,
the routes are mainly unprotected sexual intercourse and intravenous drug use. In high
prevalence areas like Sub-Saharan Africa perinatal infection is the predominant mode
of transmission. Horizontal transmission, particularly in early childhood, is regarded
as the major route of transmission in intermediate prevalence areas.

Sexual transmission

In low prevalence areas sexual transmission is the major route of transmission. Ap-
proximately 40% of new HBV infections in the United States is considered to be
transmitted via heterosexual intercourse, and 25% occur in men who have sex with
men (MSM) (Wasley 2008). Measures to prevent HBV transmission are vaccination
and safer sex, i.e., use of condoms. However, there is ongoing debate regarding what
to advise low-viremic patients.

Percutaneous innoculation

Percutaneous transmission seems to be an effective mode of HBV transmission. The
most important route is sharing of syringes and needles in intravenous drug users.
In low prevalence areas such as Europe and the United States about 15% of newly
diagnosed HBYV infections is in [IVDU (Wassley 2008). The risk of HBV transmission
increases with the number of years of drug use, frequency of injection, and sharing of
drug preparation equipment.

Other situations with possible percutaneous inoculation of HBV are sharing shav-
ing razors or toothbrushes, although the exact number remains unkown. In addition,
certain practices like acupuncture, tattooing, and body piercing have been associated
with transmission of hepatitis B. Public health education and the use of disposable
needles or equipment are important in preventing this mode of transmission.

Perinatal transmission

Transmission from an HBeAg-positive mother to her infant may occur in utero, at the
time of birth, or after birth. The rate of infection can be as high as 90%. However,
neonatal vaccination is highly efficacious (95%). Its efficacy indicates that most infec-
tions occur at or shortly before birth. On the other hand, caesarean section seems not
be protective as it is in other vertically transmitted diseases like HIV.

The risk of transmission from mother to infant is related to the HBV replicative rate in
the mother. There seems to be a direct correlation between maternal HBV DNA levels and
the likelihood of transmission. In mothers with highly replicative HBV the risk of trans-
mission may be up to 85 to 90%, and it continusously lowers with lower HBV DNA levels
(Burk 1994; Wang 2003). In some studies there has been almost no perinatal transmission
if the mother has no significant replication (<10° log copies/ml) (Li 2004).
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It is possible to reduce the risk of perinatal transmission in several ways. The first
step is identification of persons at risk. Testing for HBsAg should be performed
in all women at the first prenatal visit and repeated later in pregnancy if appro-
priate. Newborns born to HBV-positive mothers can be effectively protected by
passive-active immunization (>90% protection rate) (del Canho 1997). Hepatitis
B immunoglobulin for passive immunization should be given as early as possible
(within 12 hours), but can be given up to seven days after birth, if seropositivity
of the mother is detected later. Active immunization follows standard schemes and
is given at three time points (10 pg at day 0, month 1, and month 6). Anti-HBV
treatment of the mother with nucleoside analogues may be discussed especially
in mothers with high HBV DNA levels, although it is not known whether antivi-
ral treatment has a protective effect in addition to immunization. At the moment
there are no substantiated guidelines. If appropriate, lamivudine seems to be the
treatment of choice. Telbivudine may be an alternative, whereas adefovir, ente-
cavir and tenofovir are not recommended in pregnancy, unless clearly indicated
(Cornberg 2007).

As mentioned earlier, cacsarean section should not be performed routinely, whereas
it is recommended in the setting of other infectious diseases like HIV (according to
the viral replication rate). If vaccination was performed in the child, the child may be
breastfed (Hill 2002).

Horizontal transmission

Children may acquire HBV infection through horizontal transmission via minor breaks
in the skin or mucous membranes or close bodily contact with other children. In ad-
dition, HBV can survive outside the human body for a prolonged period; as a result,
transmission via contaminated household articles such as toothbrushes, razors, and
even toys may be possible. Although HBV DNA has been detected in various bodily
secretions of hepatitis B carriers, there is no firm evidence of HBV transmission via
body fluids other than blood.

Transfusion

Blood donors are routinely screened for hepatitis B surface antigen (HBsAg).
Therefore incidence of transfusion-related hepatitis B has significantly decreased.
The risk of acquiring posttransfusion hepatitis B depends on several factors like
prevalence and donor testing strategies. In low prevalence areas it is estimated to
be one to four per million blood components transfused (Dodd 2000; Polizzotto
2008). In high prevalence areas it is considerably higher (around 1 in 20,000)
(Shang 2007).

There are different strategies for donor screening. Most countries use HBsAg screen-
ing of donors. Others, like the United States, use both HBsAg and anti-HBc. Routine
screening of anti-HBc remains controversial, as the specificity is low and patients
with cleared hepatitis have to be excluded. Screening of pooled blood samples or even
individual samples may be further improved by nucleic acid amplification techniques.
However, this is an issue of continuous debate due to relatively low risk reduction and
associated costs.
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Nosocomial infection

Nosocomial infection can occur from patient to patient, from patient to health care
worker and vice versa. HBV is considered the most commonly transmitted blood-
borne virus in the healthcare setting.

In general, nosocomial infection of hepatitis B can and should be prevented. Despite
prevention strategies nosocomial infections occur, and there are documented cases
(Williams 2004). However, the exact risk of nosocomial infection is unknown. The
number of infected patients reported in the literature is likely to be an underestimate
of true figures as many infected patients may be asymptomatic and only a fraction of
the exposed patients are recalled for testing.

Strategies to prevent nosocomial transmission of hepatitis B are use of disposable
needles and equipment, sterilization of surgical instruments, infection control mea-
sures and vaccination of healthcare workers.

Due to the implementation of routine vaccination of health care workers the inci-
dence of HBV infection among them is lower than in the general population (Duseja
2002; Mahoney 1997). Therefore, transmission from healthcare workers to patients is
a rare event, while the risk of transmission from an HBV-positive patient to a health
care worker seems to be higher.

Healthcare workers positive for hepatitis B are not generally prohibited from work-
ing. However, the individual situation has to be evaluated in order to decide on the
necessary measures. Traditionally HBeAg-negative healthcare workers are considered
not be infective, whereas HBeAg-positive healthcare workers should perform measures
such as wearing double gloves and not performing certain activities, to be defined on
an individual basis. However, there have been cases of transmission of hepatitis B from
HBsAg-positive, HBeAg-negative surgeons to patients (Teams 1997). Hepatitis B virus
was identified that had a precore stop codon mutation resulting in non-expression of
HBeAg despite active HBV replication. Therefore, HBV DNA testing has been imple-
mented in some settings, although this may not be reliable in all situations due to fluc-
tuating levels of HBV DNA. In most developed countries guidelines for hepatitis B
positive healthcare workers have been established and should be consulted.

Organ transplantation

Transmission of HBV infection has been reported after transplantation of extrahepatic
organs from HBsAg-positive donors (e.g., kidney, cornea) (Dickson 1997). Therefore,
organ donors are routinely screened for HBsAg. The role of anti-HBc is controversial, as
it is in screening of blood donors. Reasons are the possibility of false positive results, the
potential loss of up to 5% of donors even in low endemic areas, and the uncertainty about
the infectivity of organs, especially extrahepatic organs, from donors who have isolated
anti-HBc (De Feo 2005). There is an increased risk of HBV infection for the recipient if
organs of such donors are transplanted as compared to anti-HBc negative donors.

Postexposure prophylaxis

In case of exposure to HBV in any of the circumstances mentioned above, postexposure
prophylaxis is recommended for all nonvaccinated persons. A passive-active immuniza-
tion is recommended. The first dose of active immunization should be given as early as
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possible. 12 hours after the exposure usually is considered the latest time point for effec-
tive postexposure prophylaxis. One dose of hepatitis B-immunoglobulin (HBIG) should
be administered at the same time, if the source is known to be HBsAg-positive. The other
two doses of vaccine should be administered according to the usual schedule.

Vaccinated individuals with a documented response do not need postexposure pro-
phylaxis. Individuals who have had no postvaccination testing should be tested for
anti-HBs titer as soon as possible. If this is not possible, or the anti-HBs titer is insuf-
ficient (<100 IE/l), they will require a second course of vaccination.

Individuals who are documented non-responders will require two doses of HBIG
given one month apart.

Natural history and clinical manifestations

The spectrum of clinical manifestations of HBV infection varies in both acute and
chronic disease. During the acute phase, manifestations range from subclinical or an-
icteric hepatitis to icteric hepatitis and, in some cases, fulminant hepatitis. During the
chronic phase, manifestations range from an asymptomatic carrier state to chronic
hepatitis, cirrhosis, and hepatocellular carcinoma. Extrahepatic manifestations can oc-
cur in both acute and chronic infection.

Acute hepatitis

After HBV transmission, the incubation period lasts from one to four months. A pro-
dromal phase may appear before acute hepatitis develops. During this period a se-
rum sickness-like syndrome may develop. This syndrome manifests with fever, skin
rash, arthralgia and arthritis. It will usually cease with the onset of hepatitis. At least
70% of patients will then have subclinical or anicteric hepatitis, while less then 30%
will develop icteric hepatitis. The most prominent clinical symptoms of hepatitis are
right upper quadrant discomfort, nausea, jaundice and other unspecific constitutional
symptoms. In case of coinfection with other hepatitis viruses or other underlying liver
disease the clinical course may be more severe. The symptoms including jaundice
generally disappear after one to three months, but some patients have prolonged fa-
tigue even after normalisation of serum aminotransferase concentrations.

Concentrations of alanine and aspartate aminotransferase levels (ALT and AST)
may rise to 1000-2000 IU/L in the acute phase. ALT is typically higher than AST.
Bilirubin concentration may be normal in a substantial portion of patients. In patients
who recover, normalisation of serum aminotransferases usually occurs within one to
four months. Persistent elevation of serum ALT for more than six months indicates
progression to chronic hepatitis.

The rate of progression from acute to chronic hepatitis B is primarily determined
by the age at infection (Ganem 2004; McMahon 1985). In adult-acquired infection
the chronicity rate is 5% or less, whereas it is higher if acquired at younger ages. It is
estimated to be approximately 90% for perinatally-acquired infection, and 20-50% for
infections between the ages of one and five years.

Until recent years it has been assumed that patients who recover from acute hepatitis
B actually clear the virus from the body. However, there is a lot of evidence now that
even in patients positive for anti-HBs and anti-HBc HBV DNA may persist for long
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periods of time and this latent infection maintains the T cell response that keeps the
virus under control (Yotsuyanagi 1998). Complete eradication rarely occurs. This is
an important finding, as immunosuppression can lead to reactivation of the virus, e.g.,
after organ transplant or during chemotherapy.

Fulminant hepatic failure is unusual, occurring in approximately 0.1-0.5% of pa-
tients. Reasons and risk factors for fulminant hepatitis B are not well understood (Gar-
fein 2004). There may be correlation with substance abuse or coinfections with other
viruses. Fulminant hepatitis B is believed to be due to massive immune-mediated lysis
of infected hepatocytes. This is why many patients with fulminant hepatitis B have no
evidence of HBV replication at presentation.

Antiviral treatment of patients with acute hepatitis B usually is not recommended
(Cornberg 2007). The likelihood of fulminant hepatitis B is less than 1%, and the
likelihood of progression to chronic hepatitis B is less than 5% in adults. Therefore,
treatment of acute hepatitis B is mainly supportive in the majority of patients. Treat-
ment can be considered in certain subsets of patients, e.g., patients with a severe or
prolonged course of hepatitis B, patients coinfected with other hepatitis viruses or un-
derlying liver diseases, patients with immunosuppression, or patients with fulminant
liver failure undergoing liver-transplantation (Kondili 2004; Tillmann 2006). It should
be checked whether any contacts could be exposed to hepatitis B.

Chronic hepatitis

The HBV chronicity rate is around 5% or less in adult-acquired infection, as men-
tioned earlier. In perinatally acquired infection it is estimated to be approximately
90%, and 20-50% for infections between the age of one and five years (Ganem 2004;
McMahon 1985). However, most patients will not have a history of acute hepatitis.

Most patients with chronic hepatitis B are clinically asymptomatic. Some may have
nonspecific symptoms such as fatigue. In most instances, significant clinical symp-
toms will develop only if liver disease progresses to decompensated cirrhosis. In ad-
dition, extrahepatic manifestations may cause symptoms.

Accordingly, physical examination will be normal in most instances. In advanced
liver disease there may be stigmata of chronic liver disease such as splenomegaly,
spider angiomata, Caput medusae, palmar erythema, testicular atrophy, gynecomastia,
etc. In patients with decompensated cirrhosis jaundice, ascites, peripheral edema, and
encephalopathy may be present.

Laboratory testing shows mild to moderate elevation in serum AST and ALT in most
patients, whereas normal transaminases occur rarely. During exacerbation, serum ALT
concentration may be as high as 50 times the upper limit of normal. Alfa-fetoprotein
(AFP) concentrations correlate with disease activity. In exacerbations of hepatitis B
concentrations as high as 1000 ng/mL may be seen.

The natural course of chronic HBV infection is determined by the interplay between
viral replication and the host immune response. Other factors that may play a role in
the progression of HBV-related liver disease include gender, alcohol consumption,
and concomitant infection with other hepatitis virus(es). The outcome of chronic HBV
infection depends upon the severity of liver disease at the time HBV replication is ar-
rested. Liver fibrosis is potentially reversible once HBV replication is controlled.
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There are two different states that are distinguished in chronic HBV infection: firstly,
a high-replicative state with active liver disease and elevated serum ALT. HBV DNA
and HBeAg are present. Secondly, a low or non-replicative phase, where serum ALT
may normalize, HBeAg disappears, and anti-HBe antibodies appear. In some patients,
virus replication stops completely, as demonstrated by sensitive HBV DNA assays,
although they remain HBsAg-positive. These patients have undetectable HBV DNA
in serum and normal ALT concentrations. No sign of ongoing liver damage or inflam-
mation is found on liver biopsy. This state is called inactive carrier state.

A small percentage of patients continue to have moderate levels of HBV replication
and active liver disease (elevated serum ALT and chronic inflammation on liver biop-
sies) but remain HBeAg-negative. These patients with HBeAg-negative chronic hepa-
titis may have residual wild type virus or HBV variants that cannot produce HBeAg
due to precore or core promoter variants.

The first high-replicative phase may switch into the nonreplicative phase spontane-
ously or upon antiviral treatment. Conversely, the non-replicative phase may reacti-
vate to the high-replicative phase either spontaneously or with immunosuppression
(e.g., in HIV infection or with chemotherapy).

In perinatally acquired chronic HBV infection there are three different states: An im-
mune tolerance phase, an immune clearance phase, and a late non-replicative phase.

The immune tolerance phase, which usually lasts 10-30 years, is characterized by
high levels of HBV replication, as manifested by the presence of HBeAg and high
levels of HBV DNA in serum. However, there is no evidence of active liver disease
as seen by normal serum ALT concentrations and minimal changes in liver biopsy. It
is thought that this lack of liver disease despite high levels of HBV replication is due
to immune tolerance to HBV (Dienstag 2008), although the exact mechanisms are
unknown. This phenomenon of immune tolerance is believed to be the most important
reason for the poor response to interferon therapy in HBeAg-positive patients with
normal ALT levels. During this phase there is a very low rate of spontaneous HBeAg
clearance. It is estimated that the rate of spontaneous HBeAg clearance is only 15%
after 20 years of infection.

During the second to third decade the phase of immune tolerance may convert to
a phase of immune clearance. The spontaneous HBeAg clearance rate increases. It
is estimated to be 10 to 20% annually. If HBeAg seroconversion occurs, very often
exacerbations of hepatitis with abrupt increases in serum ALT are observed. These
exacerbations follow an increase in HBV DNA and might be due to a sudden increase
in immune-mediated lysis of infected hepatocytes. Most often there are no clinical
symptoms during exacerbation, and rise of ALT is only detected by routine exami-
nations. Some patients may develop symptoms mimicking acute hepatitis. Titers of
anti-HBc IgM may rise as well as alfa-fetoprotein. If such patients are not known to be
HBYV infected, misdiagnosis of acute hepatitis B can be made. HBeAg-seroconversion
and clearance of HBV DNA from the serum is not always achieved after exacerba-
tions. In these patients recurrent exacerbations with intermittent disappearance of se-
rum HBV DNA with or without HbeAg loss may occur. The non-replicative phase is
usually characterized by the absence of HBV DNA and normalisation of serum ALT
as in adult chronic HBV.
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Very few patients with chronic HBV infection become HBsAg negative in the natu-
ral course of infection. The annual rate of HBsAg clearance has been estimated to be
less than 2% in Western patients and even lower (0.1-0.8%) in patients of Asian origin
(Liaw 1991). If loss of HBsAg occurs, prognosis is considered favourable. However,
clearance of HBsAg does not exclude development of cirrhosis or hepatocellular car-
cinoma in some patients, although the exact rate of these complications is not known.
This phenomenon is thought to be linked to the fact that HBV DNA may still be pres-
ent in hepatocytes despite HBsAg loss.

Prognosis

As clinical course varies among patients, there is a wide variation in clinical outcome
and prognosis of chronic HBV infection. The lifetime risk of a liver-related death has
been estimated to be 40-50% for men and 15% for women. The risk of progression
appears to be higher, if immune activation occurs.

The estimated five-year rates of progression (Fattovich 2008; Lok 2008):
*  Chronic hepeatitis to cirrhosis — 10-20%
*  Compensated cirrhosis to hepatic decompensation — 20-30%
*  Compensated cirrhosis to hepatocellular carcinoma — 5-15%

Accordingly, the survival rates are:
*  Compensated cirrhosis — 85% at five years
*  Decompensated cirrhosis — 55-70% at one year and 15-35% at five years

There are several factors known to influence survival.

*  Viral replication: In patients with signs of viral replication (i.e., HBeAg-
positive) there is consistently worse survival than in patients who are
HBeAg-negative. However, in recent decades, infections with HBeAg-neg-
ative precore mutants prevail by far in newly-acquired infections, resulting
in a different pattern of HBeAg-negative and HBV DNA positive hepatitis
with fibrosis progression and HCC in a substantial proportion of patients.
In recent years, the amount of HBV DNA has also been linked to disease
progression and has replaced HBeAg postivity as a marker for disease activ-
ity (Chen 2006). This is true both for progression to cirrhosis as well as for
the risk of HCC. Therefore, most treatment guidelines today are based on
the level of HBV viremia. A reasonable cut-off to distinguish patients with
a low risk of progression from patients with a high risk of progression and
indication for antiviral treatment is 10* copies/ml (corresponding to approx-
imately 2 x 10° IU/ml), although other cut-offs may be used. The duration
of viral replication is obviously linked with the risk of development of cir-
rhosis and HCC. As necroinflammation may persist longer in patients with
a prolonged replicative phase, the risk of disease progression is elevated.
Conversely, even in patients with decompensated cirrhosis, suppression of
HBYV replication and delayed HBsAg clearance can result in improvement
in liver disease (Fung 2008).
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*  Alcoholism: HBV infection in alcoholics is associated with faster progression
to liver injury and an elevated risk of developing cirrhosis and HCC (Bedogni
2008; Marcellin 2008). Survival is reduced compared to HBV-negative alcohol-
ics. However, there is no clear evidence that alcoholics have an enhanced risk of
chronic HBV infection, although prevalence of HBV is estimated to be fourfold
higher than in controls (Laskus 1992) with variation among regions and cohorts
(Rosman 1996).

*  Hepatitis C coinfection: If coinfection of HCV and HBV occurs, HCV usually
predominates. This may lead to lower levels of transaminases and HBV DNA
(Jardi 2001). The rate of HBsAg-seroconversion even appears to be increased,
although this finding may be due to the fact that around one third of patients
coinfected with HBV and HCV lack markers of HBV infection (i.e., HBsAg)
although HBV DNA is detectable. Despite lower aminotransferases and HBV
DNA levels, liver damage is worse in most instances. The risk of severe hepa-
titis and fulminant hepatic failure seems to be elevated if both infections occur
simultaneously regardless of whether it is an acute coinfection of HBV and
HCYV or acute hepatitis C in chronic hepatitis B (Liaw 2004).

*  Hepatitis D coinfection: Acute HBV and HDV coinfection tends to be more
severe than acute HBV infection alone. It is more likely to result in fulminant
hepatitis. If HDV superinfection in patients with chronic HBV infection occurs,
HDYV usually predominates, and HBV replication is suppressed (Jardi 2001).
Severity of liver disease is worse and progression to cirrhosis is accelerated in
such patients (Fattovich 2000).

It is very difficult to predict the individual course of hepatitis B due to the many
factors influencing disease progression. Several predictive models of disease progres-
sion that include clinical parameters (e.g., hepatic decompensation) and laboratory pa-
rameters (e.g., bilirubin, INR) have been evaluated, but none of these models is used
routinely in the clinic at present. In patients with cirrhosis, the MELD score (Model
for End-Stage Liver Disease) and the Child-Pugh score are used (see Chapter 3).

Extrahepatic manifestations

The two major extrahepatic complications of chronic HBV are polyarteritis nodosa
and glomerular disease. They occur in 10-20% of patients with chronic hepatitis B and
are thought to be mediated by circulating immune complexes (Han 2004).

*  Polyarteritis nodosa: The clinical manifestations are similar to those in patients
with polyarteritis who are HBV-negative. There may be some clinical benefit
to antiviral therapy.

*  Nephropathy/Glomerulonephritis: HBV can induce both membranous neph-
ropathy and, less often, membranoproliferative glomerulonephritis. Most cases
occur in children. The clinical hallmark is proteinuria. In contrast to polyarteri-
tis nodosa, there is no significant benefit of antiviral treatment.

For further details, please refer to extrahepatic manifestations in Chapter 16.
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Chapter 3: Hepatitis C - Epidemiology,
transmission and natural history

Jan-Christian Wasmuth

Epidemiology

Hepatitis C is a disease with a significant global impact. According to the World
Health Organization there are 170 million people infected with the hepatitis C virus
(HCV), corresponding to 3% of the world’s total population. There are considerable
regional differences. In some countries, e.g., Egypt, the prevalence is as high as 20%.
In Africa and the Western Pacific the prevalence is significantly higher than in North
America and Europe (Anonymous 2004).

It is estimated that there are 2-5 million HCV-positive persons in Europe. The preva-
lence of HCV-antibodies in otherwise healthy blood donors is approximately 1.6%
in the United States, 1.15% in Italy, 0.4% in Germany, and 0.23% in Scandinavia
(Anonymous 2004). The number of patients actually HCV RNA positive is estimated
to be around 80 to 90% of all HCV-antibody positive persons. Certain groups are
preferentially affected: The highest risk factor in most instances is injection drug use.
But patients undergoing hemodialysis and persons who received blood transfusions
before 1991 are at risk also. In Europe and the United States chronic hepatitis C is the
most common chronic liver disease. The majority of liver transplants performed in
these regions are for chronic HCV.

It is difficult to determine the number of new HCV infections, as most acute cases
will not be noticed clinically. Fewer than 25% of acute cases of hepatitis C are clini-
cally apparent. In addition, the age of infection upon diagnosis is not possible to de-
termine in most cases. Nevertheless, it has to be assumed that the number of new
infections has considerably decreased over the past decades. For the United States
it is estimated that the number of new cases of acute HCV infection has fallen from
approximately 230,000 per year in the 1980s to about 20,000 cases per year currently
(Wasley 2008). This decrease is primarily associated with reduced infections in injec-
tion drug users, a probable consequence of changes in injection practices motivated
by education about human immunodeficiency virus (HIV) transmission. Transfusion-
associated hepatitis C has had little impact on this decline, as the number of cases has
been reduced almost to zero.

Transmission
Parenteral exposure to the hepatitis C virus is the most efficient means of transmis-
sion. Accordingly, the majority of patients infected with HCV in Europe and the
United States acquired the disease through intravenous drug use or blood transfu-
sion. The latter has become rare since routine testing of the blood supply for HCV
began in the early 1990s. Other types of parenteral exposure are important in specific
regions in the world.

The following possible routes of infection have been identified in anti-HCV-positive
blood donors (in descending order of transmission risk):
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* Injection drug use

*  Blood transfusion

*  Sex with an intravenous drug user

*  Having been in jail more than three days

*  Religious scarification

*  Having been struck or cut with a bloody object
*  Pierced ears or body parts

¢ Immunoglobulin injection

Very often in patients with newly diagnosed HCV infection no clear risk factor can
be identified.

Injection drug use

Injection drug use has been the most commonly identified source of acute HCV in-
fection. It is estimated that most newly acquired infections occur in individuals who
have injected illegal drugs. The seroprevalence of anti-HCV antibodies in groups of
intravenous drug users may be up to 70% with considerable variation depending on
factors such as region, risk behaviour, socioeconomic status and others, underscoring
the efficiency of transmission via direct blood contact (Sutton 2008). HCV infection
also has been associated with a history of intranasal cocaine use, presumably due to
blood on shared straws or other sniffing paraphernalia.

Blood transfusion

In the past, blood transfusion or use of other blood products was a major risk factor for
transmission of HCV. In some historic cohorts 10% or more of patients who received
blood transfusions were infected with hepatitis C (Alter 1989). However, blood donor
screening for HCV since the early 1990s has nearly eliminated this transmission route.
Blood donors are screened for anti-HCV antibodies and HCV RNA — at least in devel-
oped countries. The risk is now estimated to be between 1:500,000 and 1:1,000,000
units (Pomper 2003).

In cohorts of multiply transfused patients such as hemophiliacs, over 90% of pa-
tients were infected with hepatitis C in the past (Francois 1993). Since the use of rou-
tine inactivated virus (e.g., heat inactivation or pasteurization) or recombinant clotting
factors, new cases of hepatitis C infection have become uncommon in these patients.

Organ transplantation

Transplant recipients who receive organs from HCV-positive donors have a high risk of
acquiring HCV infection. Transmission rates in different cohorts vary from 30 to 80%
(Pereira 1991; Roth 1994). Therefore, most transplant organisations have developed strat-
egies for screening and selective utilization of organs from anti-HCV positive donors.

Sexual or household contact

Usual household contacts do not pose a risk of HCV transmission. The efficiency
of HCV transmission by sexual contact is very low. However, there is no doubt that
sexual transmission of hepatitis C is possible.
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The exact risk of HCV transmission in monogamous heterosexual relationships has
been difficult to determine. It appears that the risk in long-term partnerships is very
low. In prospective cohorts of monogamous, heterosexual couples, there was a long-
term transmission risk of 0.01% or lower (Vandelli 2004). Factors that may increase
the risk of HCV infection include greater numbers of sex partners, history of sexually
transmitted diseases, and failure to use a condom. Whether underlying HIV infection
increases the risk of heterosexual HCV transmission to an uninfected partner is un-
clear. Very often it is difficult to rule out the possibility that transmission results from
risk factors other than sexual exposure.

Outbreaks of cases of acute hepatitis C in several cities in Europe and the United
States among men who have sex with men (MSM) have focused attention on sexual
transmission of HCV. There is clear evidence that no other route than unprotected sex
can account for the transmission of HCV. Unprotected anal sex, fisting, having many
sex partners in a short time period, and a concomitant sexually transmitted disease
were identified risk factors (Danta 2007). It appears that mucosal damage is a prereq-
uisite for HCV transmission. According to these observations, the seroprevalence of
HCV in MSM ranges from about 4 to 8%, which is higher than the HCV prevalence
reported for general European populations.

Patients with acute or chronic HCV infection should be advised that transmission
to sexual contacts is a possibility, although the risk is extremely low in heterosexual
relationships. It is likely that the use of condoms will lower the risk of sexual trans-
mission further. However, in most countries there are no firm recommendations to use
barrier precautions in stable monogamous sexual partnerships. The transmission risk
in MSM is considerably higher so that — in conjunction with the risk of other sexually
transmitted diseases — safer sex practices should be advised in this group.

Perinatal transmission

The risk of perinatal transmission of HCV in HCV RNA positive mothers is estimated
to be 5% or less (Ohto 1994). In mothers coinfected with HIV this risk correlates with
immunosuppression and has been described to reach up to 20%. Today, there are no
specific recommendations for prevention of perinatal transmission (Pembrey 2005).
Caesarean section has not been shown to reduce the transmission risk. There is no
evidence that breastfeeding is a risk for infection among infants born to HCV-infected
women. Early diagnosis of infection in newborns requires HCV RNA testing since
anti-HCV antibodies are passively transferred from the mother.

Hemodialysis

Patients who participate in chronic hemodialysis programs are at increased risk for
hepatitis C. The prevalence of HCV antibodies in such patients reaches 15%, although
it has declined in recent years (Fissell 2004). A number of risk factors have been iden-
tified for HCV infection among dialysis patients. These include blood transfusions,
the duration of hemodialysis, the prevalence of HCV infection in the dialysis unit, and
the type of dialysis. The risk is higher with in-hospital hemodialysis as opposed to
peritoneal dialysis. The best strategy to prevent hemodialysis-associated HCV trans-
mission is subject to debate.
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Other rare transmission routes

Rare sources of percutaneous transmission of HCV are contaminated equipment used
during medical procedures, procedures involved in traditional medicine (e.g., scari-
fication, cupping), tattooing, and body piercing (Haley 2001). All these routes bear
the potential of transmiting HCV. However, in most instances it is not clear if the risk
is due to the procedure itself, or whether there are possible contacts with persons in-
volved who are HCV-positive. In addition, transmission via these routes is so rare that
persons with exposure are not at increased risk for acquiring hepatitis C.

Needle-stick injury

There is some risk of HCV transmission for health care workers after unintentional
needle stick injury or exposure to other sharp objects. The incidence of seroconver-
sion after exposure to an HCV-positive source is generally estimated to be less than
2% (Anonymous 2001). However, data are divergent and figures ranging from 0 to
10% can be found (Mitsui 1992). Exposure of HCV to intact skin has not been associ-
ated with HCV transmission.

Clinical manifestations and natural history
of HCV infection

The spectrum of clinical manifestations of HCV infection varies in acute versus chron-
ic disease. Acute infection with HCV is most often asymptomatic. It leads to chronic
infection in about 80% of cases. The manifestations of chronic HCV range from an as-
ymptomatic state to cirrhosis, and hepatocellular carcinoma. HCV infection usually is
slowly progressive. Thus, it may not result in clinically apparent liver disease in many
patients if the infection is acquired later in life. Approximately 20-30% of chronically
infected individuals develop cirrhosis over a 20-30 year period of time.

Acute hepatitis C

After inoculation of HCV, there is a variable incubation period. HCV RNA in blood
(or liver) can be detected by PCR within several days to eight weeks (Hoofnagle
1997). Aminotransferases become elevated approximately 6-12 weeks after exposure
(range 1-26 weeks). The elevation of aminotransferases varies considerably among
individuals, but tends to be more than 10-30 times the upper limit of normal (typically
around 800 U/1). HCV antibodies can be found for the first time around 8 weeks after
exposure although in some patients it may take several months before HCV antibodies
are detected by ELISA testing.

However, the majority of newly-infected patients will be asymptomatic and have a
clinically nonapparent or mild course. Jaundice as a clinical feature of acute hepatitis
C will be present in less than 25% of infected patients. Therefore, acute hepatitis C
will not be noticed in most patients. Periodic screening for infection may be warranted
in certain groups of patients who are at high risk for infection, e.g., homosexually-
active patients with HIV infection.

Other symptoms that may occur are similar to those in other forms of acute viral
hepatitis, including malaise, nausea, and right upper quadrant pain. In patients who
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experience such symptoms of acute hepatitis, the illness typically lasts for 2-12
weeks. Along with clinical resolution of symptoms, aminotransferases levels will
normalize in about 40% of patients. Loss of HCV RNA, which indicates cure from
hepatitis C, occurs in fewer than 20% of patients — regardless of normalisation of
aminotransferases.

Fulminant hepatic failure due to acute HCV infection is very rare. It may be more
common in patients with underlying chronic hepatitis B virus infection (Chu 1999).

Chronic hepatitis C

The risk of chronic HCV infection is high. 80-100% of patients remain HCV RNA
positive after acute hepatitis C (Alter 1999). Most of these will have persistently el-
evated liver enzymes in further follow-up. By definition, hepatitis C is regarded to be
chronic after persistence of more than six months. Once chronic infection is estab-
lished, there is a very low rate of spontaneous clearance.

It is unclear why infection with HCV results in chronic infection in most cases.
Genetic diversity of the virus and its tendency toward rapid mutation may allow
HCYV to constantly escape immune recognition. Host factors may also be involved
in the ability to spontaneously clear the virus. Factors that have been associated
with successful HCV clearance are HCV-specific CD4 T cell responses, high titers
of neutralising antibodies against HCV structural proteins, and specific HLA-DRB1
and DQBI alleles (Lauer 2001). Infection with HCV during childhood appears to
be associated with a lower risk of chronic infection, approximately 50-60% (Vogt
1999). Finally, there seem to be ethnic differences, with lower risk of chronicity in
certain populations.

Most patients with chronic infection are asymptomatic or have only mild nonspecif-
ic symptoms as long as cirrhosis is not present (Lauer 2001; Merican 1993). The most
frequent complaint is fatigue. Less common manifestations are nausea, weakness,
myalgia, arthralgia, and weight loss. HCV infection has also been associated with
cognitive impairment. All these symptoms are non-specific and do not reflect disease
activity or severity (Merican 1993). Very often symptoms may be caused by other
underlying diseases (e.g., depression), and it can be difficult to distinguish between
different diseases. Fatigue as the most common symptom may be present in many
other situations (including healthy control groups within clinical studies). Hepatitis C
is rarely incapacitating.

Aminotransferase levels can vary considerably over the natural history of chronic
hepatitis C. Most patients have only slight elevations of transaminases. Up to one
third of patients have a normal serum ALT (Martinot-Peignoux 2001; Puoti 2002).
About 25% of patients have a serum ALT concentration of more than twice normal,
but usually less than 5 times above the upper limit of normal. Elevations of 10 times
the upper limit of normal are very seldomly seen.

There is a poor correlation between concentrations of aminotransferases and liver
histology. Even patients with normal serum ALT show histologic evidence of chronic
inflammation in the majority of cases (Mathurin 1998). The degree of injury is typi-
cally minimal or mild in these patients. Accordingly, normalisation of aminotrans-
ferases after interferon therapy does not necessarily reflect histologic improvement.
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Natural history

The risk of developing cirrhosis within 20 years is estimated to be around 10 to 20%,
with some studies showing estimates up to 50% (de Ledinghen 2007; Poynard 1997;
Sangiovanni 2006; Wiese 2000). Due to the long course of hepatitis C the exact risk
is very difficult to determine, and figures are divergent for different studies and popu-
lations. In fact, chronic hepatitis C is not necessarily progressive in all affected pa-
tients. In several cohorts it has been shown that a substantial number of patients will
not develop cirrhosis over a given time. It is estimated that about 30% of patients will
not develop cirrhosis for at least 50 years (Poynard 1997).

Therefore, studies with short observation periods sometimes fail to show an in-
crease in mortality. In addition, survival is generally not impaired until cirrhosis has
developed. On the other hand, there is no doubt that patients with chronic hepatitis C
have a high risk of cirrhosis, decompensation, and hepatocellular carcinoma in long-
term follow-up. For example, in a cohort of patients with post-transfusion hepatitis C
evaluated more than 20 years after transfusion 23% had chronic active hepatitis, 51%
cirrhosis, and 5% hepatocellular carcinoma (Tong 1995). It is not completely under-
stood why there are such differences in disease progression. An influence of host and
viral factors has to be assumed.

Cirrhosis and hepatic decompensation

Complications of hepatitis C occur almost exclusively in patients who have developed
cirrhosis. Interestingly, non-liver related mortality is higher in cirrhotic patients as
well. However, cirrhosis may be very difficult to diagnose clinically, as most cirrhot-
ic patients will be asymptomatic as long as hepatic decompensation does not occur.
Findings that can be associated with cirrhosis are hepatomegaly and/or splenomegaly
on physical examination, elevated serum bilirubin concentration, hyperalbuminemia,
or low platelets. Other clinical findings associated with chronic liver disease may be
found such as spider angiomata, Caput medusae, palmar erythema, testicular atrophy,
or gynaecomastia. Most of these findings are found in less than half of cirrhotic pa-
tients, and therefore none is sufficient to establish a diagnosis of cirrhosis.

Hepatic decompensation can occur in several forms. Most common is ascites, fol-
lowed by variceal bleeding, encephalopathy and jaundice. As mentioned earlier, he-
patic decompensation will develop only in cirrhotic patients. However, not all patients
with cirrhosis actually show signs of decompensation over time. The risk for decom-
pensation is estimated to be close to 5% per year in cirrhotics (Poynard 1997). Once
decompensation has developed the 5-year survival rate is roughly 50% (Planas 2004).
For this group of patients liver transplantation is the only effective therapy.

Similar to decompensation, hepatocellular carcinoma (HCC) develops solely in pa-
tients with cirrhosis (in contrast to chronic hepatitis B). The risk for HCC has been
estimated to be less than 3% per year once cirrhosis has developed (Di Bisceglie 1997,
Fattovich 1997). However, HCV-associated HCC has significant impact on survival
(see Chapter 21).

Elevated concentrations of alpha-fetoprotein (AFP) do not necessarily indicate HCC.
AFP may be mildly elevated in chronic HCV infection (i.e., 10 to 100 ng/mL). Levels
above 400 ng/mL as well as a continuous rise in AFP over time are suggestive of HCC.
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Disease progression

Chronic hepatitis C has different courses among individuals. It is not completely un-
derstood why there are differences in disease progression. Several factors have been
identified that may be associated with such differences. However, other factors not yet
identified may also be important.

* Age and gender: Acquisition of HCV infection after the age of 40 to 55
may be associated with a more rapid progression of liver injury, as well
as male gender (Svirtlih 2007). On the contrary, children appear to have a
relatively low risk of disease progression (Child 1964). In one cohort, for
example, only 1 of 37 patients with HCV RNA in serum had elevated levels
of serum aminotransferases, and only 3 of 17 (18%) who had liver biopsies
approximately 20 years after exposure had histologic signs of progressive
liver disease.

«  Ethnic background: Disease progression appears to be slower and changes in
liver histology less severe in African-Americans (Sterling 2004).

*  HCV-specific cellular immune response: The severity of liver injury is influ-
enced by the cellular immune response to HCV-specific targets. Inflammatory
responses are regulated by complex mechanisms and probably depend on ge-
netic determinants such as HLA expression (Hraber 2007). Whether this deter-
mines progression of liver disease is not clear.

e Alcohol intake: Alcohol increases HCV replication, enhances the progres-
sion of chronic HCV, and accelerates liver injury (Gitto 2008). Even moder-
ate amounts of alcohol appear to increase the risk of fibrosis. Accordingly,
in alcoholic patients with cirrhosis and liver failure a high prevalence of
anti-HCV antibodies has been described. Alcohol intake should be avoided
in all patients with chronic hepatitis C. There is no clear amount of safe
alcohol intake.

e Daily use of marijuana: Daily use of marijuana has been associated with more
rapid fibrosis progression, possibly through stimulation of endogenous hepatic
cannabinoid receptors.

e Other host factors: Genetic polymorphisms of certain genes might influence
the fibrosis progression rate (Jonsson 2008). For example, transforming growth
factor B1 (TGF B1) phenotype and fibrosis stage are correlated. Patients with
moderate to severe steatosis are at higher risk for developing hepatic fibrosis.

*  Viral coinfection: Progression of hepatitis C clearly is accelerated in HIV-in-
fected patients (see section on coinfection).Acute hepatitis B in a patient with
chronic hepatitis C may be more severe. Chronic hepatitis B may be associated
with decreased HCV replication as opposed to HCV monoinfected patients, al-
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though HCV usually predominates. Nevertheless, liver damage is usually worse
and progression faster in patients with dual HBV/HCV infections.Around one
third of patients coinfected with HBV and HCV lack markers of HBV infection
(i.e., HBsAg) although HBV DNA is detectable.

Geography and environmental factors: There are some obvious geographic dif-
ferences (Lim 2008). For example, hepatocellular carcinoma is observed more of-
ten in Japan than in the United States. The reason for this phenomenon is not clear.

Use of steroids: It is well known that use of steroids increases the HCV viral
load, while the effect on aminotransferases is variable. They tend to decrease
in most patients, although increases in transaminases and bilirubin have also
been described. Reducing doseage of corticosteroids returns HCV viral load to
baseline. However, the clinical consequences of corticosteroid use are largely
unknown. It seems to be reasonable to assume that short-term use of corticos-
teroids is not associated with significant changes in long-term prognosis.

Viral factors: The influence of viral factors on disease progression is unclear.
Overall, there seems to be no significant role of different genotypes and qua-
sispecies on fibrosis progression or outcome. However, coinfection with several
genotypes may have a worse outcome as compared to monoinfection.

It is very difficult to predict the individual course of hepatitis C due to the many
factors influencing disease progression. Today, liver biopsy is the best predictor of
disease progression (Gebo 2002). The grade of inflammation and stage of fibrosis
are useful in predicting further clinical course. In patients with severe inflammation
or bridging fibrosis virtually all patients will develop cirrhosis within ten years. In
contrast, patients with mild inflammation and no fibrosis have an annual progression
risk to cirrhosis of around 1%.

Parameter Points assigned
1 2 3

Ascites Absent Slight Moderate
Bilirubin, mg/dL <2 2-3 >3
Albumin, g/dL >3.5 2.8-3.5 <2.8
Prothrombin time

Seconds over control <4 4-6 >6

INR <1.7 1.7-2.3 >2.3
Encephalopathy None Grade 1-2 Grade 3-4

Table 1. Child-Pugh classification of severity of liver disease (Child 1964).

A total score of 5-6 is considered stage A (well-compensated disease); 7-9 is stage B (significant
functional compromise); and 10-15 is stage C (decompensated disease). These grades correlate
with one- and two-year patient survival: stage A - 100 and 85 percent; stage B - 80 and 60
percent; and stage C - 45 and 35 percent.
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Several predictive models of disease progression that include clinical parameters
(e.g., hepatic decompensation) and laboratory parameters (e.g., bilirubin, INR) have
been evaluated, but none of these models is routinely used in the clinic at present. In
patients with cirrhosis, the MELD score (Model for End-Stage Liver Disease) and the
CHILD score (Table 1) are used to stage disease and to describe the prognosis in the
near future (see Chapters 22 & 23). The MELD Score is used especially to estimate
relative disease severity and likely survival of patients awaiting liver transplant. It is
calculated as: MELD Score = 10 x ((0.957 x In(creatinine)) + (0.378 x In(bilirubin)) +
(1.12 x In(INR))) + 6.43. An online calculator and further information can be found at
the website of The United Network for Organ Sharing (UNOS) (http://www.unos.org).

Extrahepatic manifestations
Around 30 to 40% of patients with chronic hepatitis C have an extrahepatic manifesta-
tion of HCV (Zignego 2008). There is a wide variety of extrahepatic manifestations
described as being associated with HCV:

*  Hematologic manifestations (essential mixed cryoglobulinemia, lymphoma)
*  Autoimmune disorders (thyroiditis, presence of various autoantibodies)

*  Renal disease (membranoproliferative glomerulonephritis)

*  Dermatologic disease (porphyria cutanea tarda, lichen planus)

*  Diabetes mellitus

For further details refer to Chapter 16.
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Chapter 4: Hepatitis E - Epidemiology,
transmission and natural history

Johannes Lenz

Introduction

Like hepatitis A, the hepatitis E virus is a non-enveloped single stranded RNA virus
of an icosahedral shape, measuring 27-34 nm in diameter. It is the sole member of the
genus Hepevirus in the family of Hepeviridiea (Emerson 2004). Its existence was hy-
pothesised when a retrospective analysis of clinical samples collected during hepatitis
outbreaks in India in 1955 with newly developed essays for hepatitis A and B showed
a high prevalence of close to 100% for anti-HAV IgG but no sign of acute hepatitis
A or B. Thus the conclusion was that there must be another infectious agent for en-
terically transmitted non-A non-B hepatitis (ET-NANB) (Khuroo 1980; Wong 1980).
HEV was first visualised in 1983. It was transmitted to a human volunteer in Russia
and to cynomologus monkeys, causing acute hepatitis in both, and thus establishing
its etiologic role in ET-NANB hepatitis (Balayan 1983).

Three large open reading frames (ORFs) of the positive-sense RNA of HEV have
been described. While the largest ORF consisting of 1693 codons encodes for non-
structural proteins responsible for the processing and replication of the virus, the oth-
er two ORFs (660 and 123 codons, respectively) encode for structural polypeptides
(Koonin 1992). Four genotypes and multiple subtypes of HEV have been identified by
phylogenetic analysis of stored HEV sequences.

Genotype 1 HEV is the main cause of hepatitis E in developing regions of Asia,
Africa, and South America. In patients in Mexico, Chad, and Nigeria genotype 2 has
been identified (Buisson 2000; Cuyck-Gandre 1997; Tam 1991). Genotype 3 has been
found in cases of autochthonous hepatitis E in many developed regions (Banks 2004;
Garkavenko 2001; Wibawa 2004) while genotype 4 has been found in industrialized
regions of Asia (Lu 2006; Wang 2002). Genotypes 1 and 2 HEV appear to be confined
to humans only, genotype 3 and 4 have been found in swine and wild animals (Lu
20006). Only one serotype of HEV is known.

Epidemiology and transmission
The characteristics of hepatitis E epidemiology are similar to those of the hepatitis A
virus. Areas with endemic infections and high incidence are in Asia, Africa, Central
America and the Middle East (Belabbes 1985; Gupta 1957; Arankalle 1988; Tsega
1991; Velazquez 1990). Here the predominant mode of infection is faecal-oral via
contaminated water (Belabbes 1985; Naik 1992). Large outbreaks of HEV have been
described. The largest documented incident was in China between 1986 and 1988
involving over 100,000 individuals (Zhuang 1992). Parenteral transmission by blood
transfusion seems to occur especially in areas where HEV occurs endemically (Mat-
subayashi 2004; Khuroo 2004).

In industrialised countries the disease occurs sporadically. Most infections are diag-
nosed in individuals who travel to countries where HEV is endemic. It has however
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been questioned if all cases are imported, for example when high rates of hepatitis E
antibodies were found in drug users in Denmark and Sweden (Sylvan 1998; Chris-
tensen 2002). This may indicate parenteral transmission by needle sharing within the
group. Furthermore, HEV was found in sewage samples collected in France, Spain
and the United States (Buti 2003). There is evidence of autochthonous HEV in these
areas. In a retrospective analysis of 28 patients in the United Kingdom who were pre-
viously diagnosed with drug-induced liver injury 21% actually were actually infected
with HEV (Dalton 2007). One could conclude from these findings that the incidence
of HEV in industrialised countries may currently be underestimated and that HEV
infection may well be underdiagnosed.

Zoonotic transmission needs also to be mentioned. People with occupational con-
tact with swine in the United States (veterinarians and farmers) show a high sero-
prevalence of anti-HEV antibodies (Meng 2002; Karetnyi 1999). Rodents may also
function as a reservoir in some regions (He 2006). Two case studies from Japan
demonstrated transmission by undercooked wild boar and deer meat to humans (Tei
2003; Li 2005). To this day the extent of endemic or zoonotic transmission is not
fully understood.

Vertical transmission of HEV infection from mother to child has been identified. In
one study of eight pregnant women with acute hepatitis E, five blood specimens col-
lected from their babies at birth tested positive for HEV RNA (Khuroo 1995).

Clinical features

The disease may range in severity from sub-clinical to fulminant liver failure. Preg-
nant women are at especially high risk with a death rate approaching 20%. Overall
fulminant fatal hepatitis E occurs in 0.5-3% (Herrera 1993).

After an incubation period of 15 to 60 days (Khuroo 1980; Bayalan 1983) the infect-
ed patient develops symptoms and clinical signs that resemble those seen with other
forms of acute viral hepatitis. The most prominent feature is jaundice accompanied
by general symptoms such as malaise, anorexia and fever, as well as abdominal pain,
nausea, vomiting and hepatomegaly. Other clinical symptoms are diarrhoea, pruritus,
arthralgia and rash. In biochemical analyses elevated serum concentrations of biliru-
bin, alanine aminotransferase and aspartate aminotransferase can be seen. Laboratory
and clinical symptoms usually resolve within a few weeks to two months. Compared
to hepatitis A the disease appears to be more severe with protracted coagulopathy and
cholestasis in more than half of patients (Chau 2006).

A study from Japan compared the clinical features of patients infected with geno-
types 3 and 4 and saw that genotype 4 tends to have more severe clinical manifesta-
tions than genotype 3 (Ohnishi 2006). It was observed that genotype 4 infected indi-
viduals had significantly higher alanine aminotransferase peak levels (median 3430
IU/L vs. 1052 TU/L), a lower trough prothrombin time (61 vs. 84%) and that the
median time in hospital was longer (26.5 vs. 18 days).

Liver histology in a study of eleven patients with sporadic acute hepatitis E showed
acute hepatic lesions in all cases. Nine samples displayed marked necro-inflammatory
activity and in five, confluent necrosis was present. Siderosis and cholestasis were
diagnosed in eleven and nine patients, respectively (Peron 2007).
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The sero-epidemiology of hepatitis E suggests that individuals previously infected
with HEV are protected during epidemics of the disease, indicating that immunity to
HEYV is induced and prevents reinfection (Bryan 1994).

Hepeatitis E is widely accepted to be self-limiting and not to progress to chronic dis-
ease. However, recent reports describe patients who underwent organ transplant and
subsequent immunosuppressive therapy and who may develop chronic HEV infec-
tion. In a group of 14 organ recipients (liver, kidney, pancreas) that were diagnosed
with acute HEV, chronic hepatitis developed in 8 patients as confirmed by persistently
elevated aminotransferase levels, serum HEV RNA, and histologic features of chronic
hepatitis (Kamar 2008). Two cases of chronic HEV infection in liver transplant re-
cipients leading to cirrhosis and graft-failure have been reported (Haagsma 2008). The
same group found a prevalence of HEV infection acquired after liver transplantation
in 274 patients of only 1% (Haagsma 2009). It remains to be determined if there is a
substantial risk for immunosuppressed patients of developing chronic HEV infection.

Diagnosis

Diagnosis of acute hepatitis E is based upon the detection of antibodies to HEV or de-
tection of HEV RNA in serum or faeces. HEV RNA may be found very early in faeces
and serum. It usually becomes undetectable within one to six weeks after the onset of
symptoms (Takahashi 2005). Anti-HEV IgM antibodies are also present early in in-
fection and remain positive for months. Formation of anti-HEV IgG can be detectable
as carly as in the second week of clinical symptoms.

Combined testing for anti-HEV IgG and either anti-HEV IgA or HEV RNA may
be helpful in areas of higher HEV prevalence to distinguish ongoing from remote
infection (Takahashi 2005), as anti-HEV IgM (or anti-HEV IgA) alone may be pres-
ent in individuals with previous HEV contact. Also IgM rheumatoid factor may
cause false positive results.

Pregnancy

Fulminant hepatic failure occurs more frequently in pregnant women, resulting in a re-
markably high mortality rate of 15 to 25%, primarily in women in the third trimester (Khu-
roo 1981). The foetal and obstetric outcomes of pregnant women with jaundice and acute
viral hepatitis E appear to be worse compared to hepatitis due to other causes (Patra 2007).
In 220 consecutive pregnant women with icteric acute hepatitis in a hospital in New Delhi
fulminant hepatic failure was more common and maternal mortality was higher (relative
risk 2.7 and 6.0, respectively) in HEV-infected women than in those with other aetiolo-
gies. The relative risks for obstetric complications were: 4.1 for antepartum haemorrhage,
1.9 for intrauterine foetal death, 1.2 for preterm delivery, and 1.8 for stillbirth.

Treatment
Specific treatment is not available for hepatitis E infection and only monitoring is
possible. As in most cases the infection is self-limiting and is followed by complete
recovery without chronic sequelae, and no specific interventions are required. Pa-
tients with hepatic failure should be transferred to a centre capable of performing
liver transplants.
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Prevention

In areas with endemic HEV infection food and water sanitation is warranted espe-
cially for individuals that are immunosuppressed. It has to be kept in mind that at least
some of the HEV infections in industrialized countries are autochthonous infections.
These are not associated with travelling to high incidence countries but may be due
to zoonotic transmission (Wichmann 2008). A vaccine based on ORF2 has been de-
veloped and successfully tested in a phase II trial in Nepal (Shrestha 2007). Another
HEYV vaccine based on the 50 kD recombinant capsid protein went through Phase II1
clinical trials at the Xiamen University in China (Feng-Cai 2009). To our knowledge
the data of this trial has not been published yet. This topic is discussed in more detail
in Chapter 7.
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Chapter 5:The human hepatitis B virus
—Classification, biology, life cycle, in vitro
and in vivo models

Jessika Liisebrink, Verena Schildgen, Oliver Schildgen

Introduction

In 1965, while searching for tools to identify and track genetic differences in differ-
ent human populations, a novel antigen was found in the sera of Australian aborigines
(Blumberg 1965). This antigen was first called Australia antigen and was associated with
clinical courses of hepatitis in the following years (Blumberg 1967; Blumberg 1968) and,
immediately thereafter, to a form of what was then called serum hepatitis (Okochi 1970;
Okochi 1968; Okochi 1993). Electron microscopy studies revealed that patients testing
positive for the Australia antigen had two different types of particles in their serum con-
taining the Australia antigen, namely small particles of spherical and rod-like shape with
a diameter of approximately 22 nm, and the so-called Dane particles, of 42 nm (Dane
1970), which are the intrinsic infectious viral particles containing the viral genome and
are now called human hepatitis B virus (HBV) (Heerman 1984; Kaplan 1973; Robinson
1975; Robinson 1974; Robinson 1974b; Robinson 1976; Robinson 1976b). Subsequent-
ly it was seen that a number of HBV-like viruses exist, most of them displaying a very
narrow host range; all together these viruses form the viral family Hepadnaviridae.

Taxonomic classification of the Hepadnaviridae
The family name Hepadnaviridae is based on the clinical picture of infection and the
target organ (hepatitis; liver, classical Greek: To erap, phonetic: to hepar) and its nu-
cleic acid, the DNA. The family of Hepadnaviridae contains two genera, the orthohep-
adnaviruses that infect only mammals, and the avihepadnaviruses that infect birds.
Taxonomically, the Hepadnaviridae form their own group because of biological char-
acteristics not observed in any other viral family. The Hepadnaviridae contain one of
the smallest pathogen genomes known, measuring only 3-3.3 kbp. The reading frames
on the genome are organized in a unique and highly condensed way and overlap, con-
tributing to a unique replication strategy. This includes a reverse transcription step that
is also observed during retrovirus replication, although in contrast to retroviruses the
nucleic acid packaged into hepadnaviral infectious particles is DNA rather than RNA.
The sub-classification into the two genera is based on differences in the host range as
well as on phylogenetic differences between mammalian and avian hepadnaviruses (Fig-
ure 1). Until now, two major species have been assigned to the avihepadnaviruses, the
duck hepatitis B virus (DHBV) and the heron hepatitis B virus (HHBV). Additionally, a
number of other avihepadnaviruses have been described that have yet to be integrated into
the viral taxonomy system (Guo 2005). The orthohepadnavirus genus includes the four
best-known species HBV, WHV, GSHV and WHMV. The prototype species is the human
hepatitis B virus (HBV) that can also be used experimentally to infect chimpanzees. WHYV,
the woodchuck hepatitis virus, is a well-studied orthohepadnavirus that occurs naturally
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in marmots and cannot be transferred to other rodents like its relative GSHV, the ground
squirrel hepatitis virus. Interestingly, GSHV can infect woodchucks, its host range not
being as narrow as that for WHV. The last virus mentioned above, the woolly monkey
hepatitis B virus (WMHYV), despite having a non-human primate as its natural host, in
contrast to HBV, is not infectious in chimpanzees (Lanford 2003; Lanford 1998; Seeger
1991; Seeger 1987). A further member of the genus, the arctic ground squirrel hepatitis vi-
rus (AGSHV) is most closely related to GSHYV, but further delineation on its host range has
not been published (Robbins 1995). Hepadnavirus isolates from chimpanzees, gorillas,
orangutans, and gibbons were initially believed to be distinct species but are considered
HBYV subtypes versus distinct species (Hu 2000; Starkman 2003; Testut 1996; Thornton
2001; Verschoor 2001; Warren 1999; Zuckerman 1975; Zuckerman 1978). In humans,
HBV is divided into eight genotypes, A-H, However, it cannot be excluded that more
genotpyes may be discovered or evolve in the future. The different genotypes display pair-
wise differences between 8 and 17% (Arauz-Ruiz 2002; Arauz-Ruiz 1997; Arauz-Ruiz
1997b; Arauz-Ruiz 2001; Fung 2004; Norder 2003; Norder 1994).
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Figure 1. The phylogenetic tree of reference strains of orthohepadnaviruses and
avihepadnaviruses. The following prototype sequences were used: AB064316, AB113876,
AF193864, AF493986, AJ006350, AJ131567, AJ251937, AJ441111, AJ441112, AJ441113,
AY226578, AY433937, AY494849, AY494850, AY494851, AY494852, AY521226, AY521227,
AY536371, AY781186, CS388973, CS388974, CS388977, CS388980, CS409746, CS409749,
D00220, M11082, NC_001484, NC_001486, NC_005890, NC_005950, U29144, X12798, X74623.

Abbreviations: AGSHV=arctic ground squirrel hepatitis virus, ASHBV=ashy headed
sheldgoose HBV, CHBV=crane HBV, ChHBV=chimpanzee HBV, GiHBV=gibbon HBYV,
GoHBV=gorilla HBV, GSHV=ground squirrel hepatitis virus, CWHBV=chileo wigeon HBYV,
HHBV=heron HBV, OSHBV=orinoco sheldgoose HBV, OuHV=orangutan hepadnavirus,
PTHBV=puna teal HBV, RGHBV=ross’ goose HBV, SGHBV=snow goose HBV, STHBV=stork
HBV, WHV=woodchuck hepatitis virus, WMHBV=woolly monkey HBV.
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Structure of the viral particles and organization
of the viral genome

The Hepadnaviridae are enveloped DNA viruses with a circular partially double-
stranded DNA that in concert with the core protein forms the nucleocapsid. The infec-
tious virus, i.e., the Dane particle, is of a spherical shape with a diameter of 42-47 nm.
The viral membrane acquired by the virus during budding or while the viral particles
are being transported through secretory pathways via the endoplasmatic reticulum
(ER) and Golgi pathways forms the surface containing three viral surface proteins.
These proteins, known by their sizes as small (HBsAg), middle (HBmAg), or large
(HBIAg), are acquired during budding into the ER.

The nucleocapsid, which forms the inner part of the Dane particle, is around 28 nm
in size and besides a single copy of the viral genome contains the viral polymerase,
covalently bound to the viral genome, which in turn leads to problems in the mo-
lecular diagnostics of HBV infections (see Chapter 11). As with nearly all enveloped
viruses there is also evidence that the viral particle contains proteins assumed to be of
host origin for HBV (Albin 1980).

The average size of the viral genome is around 3.3 kbp, varying slightly from geno-
type to genotype and from isolate to isolate. Figure 2 shows the open reading frame
organization of the HBV genome. All open reading frames have an identical orienta-
tion and overlap at least partially. Within the Dane particle the minus strand of the
viral genome is present in full length, carrying the whole genome. In contrast, the
plus strand spans only ~ 2/3 of the genome in length and its 3° end is variable in size
(Lutwick 1977; Summers 1975). The viral polymerase is covalently bound to the mi-
nus strand by a phosphor-tyrosine bond. At the 5° end of the plus strand a short RNA
oligomer from the pre-genomic (pg) RNA remains residually bound covalently after
viral DNA synthesis. The minus strand, in contrast to the plus strand, contains a small
redundancy of 8-9 nucleotides in length on both the 5* end and the 3’ end named the
r region. These redundant structures are essential for the viral replication mechanism
(Lien 1986; Lien 1987; Seeger 1986; Will 1987).

The viral genome covers four open reading frames, all of them encoded by the mi-
nus strand, with 6 start codons, four promoters, two transcription enhancing elements,
a poly-adenylation signal motif, and a number of signals for DNA replication (Figure
2). The major RNA transcripts are polyadenylated, capped, 3.5 kb, 2.4 kb, and 2.1 kb
in length and named pre-C/C, preS, and S mRNAs (Cattaneo 1984; Ender 1985). A
0.7 kb long mRNA termed X mRNA occurs only occasionally. The 3’ end of all HBV
transcripts is common for all of them and created by the polyadenylation signal in the
core (C) gene.

The viral genome encodes for the core protein, the pre-core protein also known as
e-antigen, the polymerase, the three surface proteins, and the X-protein. While the
core protein, also recognized by the immune system, is essential for the formation of
nulceocapsids, the HBeAg which in its gene also contains the full core gene, is post-
translationally processed and as a non-essential gene is important in the virus host-
immunity interaction. HBeAg is also a marker for active virus replication and plays
an important role in molecular diagnostics (Chen 2004).
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The viral polymerase is the single enzyme encoded by the HBV genome and is
an RNA-dependent DNA polymerase with RNaseH activity. The HBV polymerase
consists of three functional domains and a so-called spacer region; at its N-terminal
domain is located the terminal protein (TP) acting as a primer in minus-strand DNA
synthesis. The C terminal region is separated by the spacer and functions as the RT
polymerase and the RNaseH.

The three surface proteins L, M, and S share the C terminal s domain and are coded
on one open reading frame that encodes three start codons (one for L: preS1, M:
preS2, and S, respectively) and overlaps with the polymerase open reading frame
(Seeger 2007). So far, the role of the X-protein has not been fully elucidated, although
it has been associated with the nucleus and the cytoskeleton (Doria 1995; Henkler
2001; Lara-Pezzi 2001). However, HBX is required for efficient infection in vivo
(Zhang 2001; Zoulim 1994).
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Figure 2. Genome organization and transcripts of the human hepatitis B virus.
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The HBV replication cycle

Despite 40 years of HBV research no widely available cell lines permissive for HBV
or any other member of the Hepadnaviridae family has been described. Studies on the
replication cycle of Hepadnaviridae, i.e., attachment, entry, genome replication, tran-
scription and expression of viral genes, assembly, and budding cannot be fully studied
or are limited to small series of experiments with primary permissive hepatocytes
(Aldrich 1989; Gripon 1993; Gripon 1988; Ochiya 1989; Tuttleman 1986). Unfortu-
nately, these primary hepatocytes remain permissive for only a short time after being
obtained from the intact liver.

It is assumed that virus entry and the host range of Hepadnaviridae is dependent on
the N terminus of the large surface antigen (Chouteau 2001; Gripon 2005; Ishikawa
1995; Lambert 1990; Verschoor 2001). So far, the intrinsic HBV receptor has not been
discovered, but from studies on DHBV in primary duck hepatocytes it is assumed
that around 104 receptor molecules per cell mediate the rapid binding, followed by a
slow uptake of the virus to the cell which can take up to 16 hours (Hagelstein 1997,
Klingmuller 1993; Kock 1996; Pugh 1995; Pugh 1989; Rigg 1992). Following entry
into the hepatocyte and uncoating, which may proceed in parallel, the nucleocapsid is
transported into the cell’s nucleus where the viral nucleic acid is released. Release of
the viral DNA and disintegration of the nucleocapsid is assumed to take place at the
nuclear pore complex (Kann 1997; Rabe 2003).

In the infected hepatocyte the viral DNA is immediately transformed into the co-
valently closed circular (ccc) DNA by cellular enzymes. The cccDNA in turn is the
template for transcription of viral genes, and acts chemically and structurally like
an episomal/extrachromosomal DNA and has a plasmid-like structure (Bock 1994;
Bock 2001; Newbold 1995). Congruent with the fact that HBV infects hepatocytes,
nearly all elements regulating viral transcription have binding sties for liver-specific
transcription factors (Courtois 1987; Guo 1993; Lopez-Cabrera 1990; Lopez-Cabrera
1991; Raney 1995; Schaller 1991). Nevertheless, although a number of factors and
interactions regulating viral transcription are known, the exact mechanisms of HBV
transcription remains unclear. However, viral transcription occurs in the nucleus, and
both messenger and pregenomic RNAs are transported into the cytoplasma where
they are translated or used as the template for the production of progeny genome,
respectively.

In the cytoplasma, the core protein which itself can be phosphorylated by several
kinases forms the basis for the nucleocapid and plays an active role in binding and
packaging of the pregenomic RNA, recruitment of the viral polymerase, and thus
enables the RT polymerase/RNA complex to initiate reverse transcription within the
newly forming nucleocapsids (Daub 2002; Gerlich 1982; Kann 1993; Kau 1998; Lau
1999; Liao 1995; Watts 2002).

The three surface proteins of HBV have two major properties: First, as transmem-
brane proteins they are anchored in the viral envelope and thus are located on the
surface of the virus, being responsible for binding to the so-far-unknown viral recep-
tor. Second, the three surface proteins are secreted as subviral particles that do not
contain a functional nucleocapsid. The proteins differ in their N-terminal sequences
that are longer in case of the L and M protein. All proteins have in common the S
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domain, M additionally has the preS2 domain, L has both the preS2 and in addition
the preS1 domain (Figure 2). The surface proteins of mammalian Hepdnaviridae have
been shown to be N- and O-glycosylated. These glycosylations have been shown to be
responsible for proper secretion of progeny viral particles and in turn may represent
novel targets for therapies with glycosylation inhibitors (Block 1998; Block 1994; Lu
2003; Schildgen 2004; Schmitt 1999; Schmitt 2004). Moreover, the surface proteins
have been demonstrated to be activators of transcription by acting in trans (Caselman
1990; Kekule 1990).

The viral polymerase, singlemost enzyme encoded by the hepadnaviral genome,
consists of three functional domains — the terminal protein, the reverse transcriptase,
and the RNaseH domain — and a spacer domain that separates the terminal protein
domain from the polymerase domains. The terminal protein also serves as a primer for
the reverse transcription (Lanford 1997; Wang 1992; Weber 1994). Before or during
formation of the cccDNA the terminal protein but also one of the redundant terminal
repeats present on the relaxed circular viral genomic DNA that is released from the
nucleocapsid are removed and the cccDNA forms by not fully understood mechanism,
most probably dependent on cellular ligases and maybe further enzymes. So far it is
assumed that cellular DNA repair mechanisms become active and convey the relaxed
circular form into the cccDNA (Seeger 2007).

As mentioned previously, the cccDNA is the template also for the pre-genomic RNA
(pgRNA). This RNA is both the template for core and polymerase protein translation
but also the matrix for the progeny genomes. The pgRNA bears a secondary struc-
ture - named €-structure - that is present at both the 5’- and the 3’-ends. The e-hairpin
loops at the 5° end are first recognized by the viral polymerase and act as the initial
packaging signal (Bartenschlager 1992; Hirsch 1990; Huang 1991). The synthesis of
the DNA minus strand, i.e. the intrinsic reverse transcription, is then initiated by the
formation of a covalent bond between the tyrosine Y65 residue of the terminal protein
domain and a desoxy-guanosine-monophosphate (dGMP) (Lanford 1999; Wang 1992;
Weber 1994; Zoulim 1994). The next few nucleotides following this initial dGMP
are complement to a small part of the e-structure. The small terminal protein bound
primer is subsequently translocated to the 3’ end via an unknown mechanism but re-
mains covalently bound during the whole time. Perhaps this process is a prerequisite
for the correct folding of the progeny genome within the newly forming nucleocapsid.
Finally, the minus strand is fully synthesized by the reverse transcription reaction
while the RNA is degraded by the RNaseH activity of the enzyme. The following plus
strand synthesis is initiated by an 18mer capped RNA oligo that remains from the 5’
end of the pgRNA (Lien 1986; Loeb 1991). Nevertheless, it is assumed that, while not
actively replicating and even with conflicting data on its stability, there is evidence
that cccDNA may be stable in infected hepatocytes, thus contributing to chronic HBV
infection, leading to a need for long-term therapies to help eliminate the cccDNA
positive cells.

The final replication step, i.e., assembly and release of Dane particles, is not fully
understood, although from one study on usage of glycosylation inhibitors that at non-
toxic doses suppress viremia in WHV-infected woodchucks there is indirect evidence
that assembly and release occur via secretory pathways (Block 1998).
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Pathogenesis of hepadnavirus infections

The transmission of HBV and other members of the Hepadnaviridae family occur
both vertically and horizontally via body fluids. A maximum of 1010 to 1012 genome
copies per ml serum or body fluid can be found. In chronic infections, the viremia is
subject to natural fluctuations of one log , (Schildgen 2006). The rate for chronicity,
depending on the study, is >90% in neonates and approximately 10-15% in adults.
The risk for transfusion-acquired and nosocomial infections in the past two decades
decreased due to optimized molecular diagnostics and more strict hygiene and legal
regulations, although there is still a remarkable number of such transmission caused
by incautious behavior of healthcare personal.

Once having entered the host, the Dane particle reaches its major target cell, the he-
patocyte, the main site for replication and persistence, as virtually all hepadnaviruses
display a pronounced and distinct liver tropism. Furthermore, some other cell types
have been shown to serve as non-hepatic reservoirs for mammalian hepadnaviruses.
Within the infected liver in immunocompetent hosts there is a continued damage of
infected hepatocytes by cytotoxic T lymphocytes (CTLs) that leads to uninterrupted
expression of collagen fibres, that in the worst and untreated cases lead to liver cirrho-
sis (Liaw 2004; Mathew 1996; Maynard 2005; Papatheodoridis 2005; Pinzarri 1995;
Rizzetto 2005; Rockey 2005; Yoshida 2004).

It is worth note that there is still no evidence that HBV is cytotoxic for the infected
hepatocyte. In contrast to other viruses that can infect the liver like the herpes sim-
plex virus (HSV), HBV is unable to induce cytopathic effects under normal infection
conditions (Jilbert 1992; Kajino 1994; Thimme 2003; Wieland 2004). Liver damage
(fibrosis, cirrhosis, and probably hepatocellular carcinoma) is believed to be induced
by the ongoing immune reaction and the steady state inflammation in the liver. Conse-
quently, confirmed by experimental data (Ando 1994; Guidotti 1994; Guidotti 1999;
Guidotti 1994b; Guidotti 1996; Guidotti 2000; Guidotti 1999b; Kakimi 2001; Tsui
1995), it is generally assumed that massive CTL and NK T cell action resulting in the
killing of infected hepatocytes is essential for elimination of the infection. It is further
assumed that in those cases in which chronic infection evolves, the initial cellular
immune response is too weak and thus not sufficient to control the infection (Ganem
2004). It remains unclear what mechanisms are responsible for the passage from acute
to chronic infection, thus this part of the viral life cycle remains a matter of specula-
tion. As a matter of fact it has been shown that a sufficient Th1 response involving
CD8 positive CTLs, natural killer T cells (NK T), cytokines (TNF-alpha, interferon
gamma), and cytokines like IL-12 and IL-15 and many others are involved in the suf-
ficient suppression of transient infections (Seeger 2007).

Despite the fact that only antibodies against the s protein are neutralizing and are
the only markers of immunity it was hypothesized that transient infection is kept in
check by gamma interferon and other cytokines released by immune cells, leading in
turn to a shutdown of viral replication (Pasquetto 2002; Schulz 1999; Schulz 1999b).
However, this does not explain why only in those patients who clear the virus HBsAg
antibodies are present. This is assumed to be a continuous control of the infection as
cccDNA can be found in these patients decades later (Maynard 2005; Werle-Lapos-
tolle 2004), while this is not the case if the infection passes to a chronic stage.
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Animal models for HBV infections

As mentioned above it is crucial to make use of suitable model systems to study the
biology and clinical features of any viral infection. Unfortunately, due to its narrow
host range this option is limited for HBV because HBV refuses to replicate in any-
thing other than primary hepatocytes. Consequently, researchers all over the world
have tried to establish animal models and cell culture systems that can at least partially
reproduce some stages of the infection and can be used, e.g., for the preclinical testing
of novel antiviral drugs.

Chimpanzees

Both from epidemiological studies in captive animals and on the natural reservoirs of
Hepadnaviridae as well as from experimental infection experiments it is known that
chimps and other higher human primates can be infected with HBV. Chimpanzees
have been used for preclinical testing of preventive and therapeutic vaccines (Acs
1987; Kim 2008; Komiya 2008; Lubeck 1989; Murray 2005; Ogata 1993; Pride 1998;
Sallberg 1998; Sureau 1988; Wahl 1989; Will 1983). Fortunately, for ethical, econom-
ic and scientific reasons, experiments with chimpanzees have nearly been stopped.

Woodchucks and squirrels

The woodchuck turned out to be a model for HBV infections through a lucky chance
at the end of the 70s. In the Philadelphia Zoo, where the Penrose Research Laboratory
was located, it was observed that woodchucks captured in the US mid-Atlantic states
housed in the Philadelphia Zoo frequently suffered from hepatocellular carcinoma
(Summers 1978). In contrast, in a woodchuck population caught in New York and
countryside no hepatomas were observed. Subsequently, the hepatocellular carcinoma
was associated with an HBV-like virus, termed woodchuck hepatitis virus (WHV).
WHYV surprisingly cannot infect European marmots. Meanwhile the woodchuck to-
gether with the woodchuck hepatitis virus is an accepted model in preclinical testing
for novel antiviral drugs as they are highly representative for HBV.

In spite of a number of advantages the woodchuck model is not very widespread. De-
spite some successful attempts to breed woodchucks under laboratory conditions like at
Cornell University, where a woodchuck colony is housed, most other laboratories failed
to breed or managed to breed a rather limited number of woodchucks only by chance.
Consequently, most labs have to rely on wild captured animals with or without chronic
infections, which entails complications. Wild captured animals bear the risk of being in-
fected with other pathogens such as parasites or the rabies virus, may carry ectoparasites
or other unknown comorbidities. Furthermore, research with wild captured animals re-
quires special permissions, at least in Europe, independent of the fact that those animals
may be captured as agrarian varmints, thus resulting in an overwhelming bureaucracy
with customs and local legal authorities. Moreover, hibernation may influence the ex-
perimental setting. Finally, as wild captured woodchuck have a combat weigh-in of up
to 7 kg body weight and are not willing to assist the researcher in the planned experi-
ments, they have to be anesthetized before any manipulation can be performed. In any
case, the number of secondary reagents needed for woodchuck research, though not
commercially available, is increasing and will be useful tools for future research.
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The ground squirrel hepatitis virus was detected shortly after WHV (Marion 1980)
and like WHYV but unlike DHBYV can induce hepatocellular carcinoma. In their natural
host GSHV seems to be less severe than WHV in woodchucks (Cullen 1996; Marion
1983; Marion 1983b; Marion 1986).

Ducks

Within the genus of avihepadnaviruses, the duck hepatitis virus, which infects the
domestic duck, was the first described (Mason 1980). Surprisingly, in birds the hep-
adnavirus infection is totally apathogenic, likely because DHBYV spread occurs verti-
cally in most cases. The viral replication of DHBYV in its host takes place in the yolk
sac, liver, spleen, kidney, and pancreas. Although some aspects of orthohepadnavirus
infections can be studied with this model, the model has some limitations. In contrast
to what is observed in mammals, avihepadnaviruses have not yet been associated with
liver damage as a consequence of infections, i.e., fibrosis, cirrhosis and subsequent
carcinoma do not develop during the chronic infection.

Moreover, up to 50% of ducks develop a liver disease unrelated to DHBV that may
overlay DHBV-induced side effects. Furthermore, if not transmitted vertically, DHBV
infection is cleared within a few days post-infection in contrast to mammalian hepad-
naviruses. Finally, despite the fact that the duck model was widely used in preclinical
trials (Chen 2007; Chu 1998; Delmas 2002; Deres 2003; Foster 2005; Hafkemeyer
1996; Heijtink 1993; Kumar 2002; Kumar 2001; Kumar 2001b; Kumar 2001c; Le
Guerhier 2003; Lofgren 1996; Offensperger 1996; Peck 2001; Seifer 1998; Seigneres
2001; Xin 1998) it has to be kept in mind that birds do have a biology distinct from
mammalian biology in many aspects, a problem that was somewhat lost in the past.

Mouse models

Although some important aspects of HBV infections have been investigated in trans-
genic mice and have led to convincing results to the majority of HBV researchers, these
results need to be handled with care. In transgenic mice expression of viral antigens is
possible but does not necessarily reflect a natural infection, thus some observed aspects
may be artificial. However, approaches using adenovirus vectors carrying the HBV
genome may remain a beneficial tool as at least some aspects of the infection can be
studied in a well-characterised in vivo model (Seeger 2007). Another approach makes
use of mouse chimera that consist of immunosuppressed mice transplanted with hu-
man hepatocytes. These mice have been shown to be susceptible for hepatitis B and C
viruses (Dandri 2001; Dandri 2001b; Mercer 2001). The major advantage of this model
is that primary human hepatocytes remain susceptible to HBV for a long time; unfortu-
nately, these models require extreme breeding conditions that limit their use.

Tupaia

Tupaias, tree shrews, belong to the zoological order of Scadentia with the two fami-
lies Tupalidae and Ptilocercidae. So far 20 species organized in 5 genera have been
described. One species, Tupaia belangeri chinesis, has been found to be susceptible to
HBV (Su 1999; Yan 1996; Yan 1996b). The tupaia is a relatively new model, but as it
is directly permissive for HBV it may be the model of choice in future studies.
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Cell culture models for in vitro phenotyping

Mutations within the polymerase gene can be detected by various methods such as
direct sequencing, line probe assay or cloning analysis. While the sequencing of PCR
products directly from patient serum or from cloned vectors gives information about
amino acid exchanges within the major population of a patient of a clone, a line probe
assay can simultaneously detect several co-existing HBV populations, although only
mutations which were included in the test probe can be found. However, the quantifi-
cation of minor populations needs to be refined, and their clinical impact determined.
As yet no cell line fully permissive for HBV has been identified and so a simple drug
phenotyping system has not yet been established. Consequently, it remains difficult to
perform phenotypic tests for each individual clinical resistance. For these reasons, in
daily practice genotypic resistance testing is the method of choice. Besides classical
sequence analysis methods (commercial or in-house) line probe assays rapidly deliver
information on mutations in the viral genome known to be associated with resistance.
Cell culture assays for the study of HBV drug resistance are only used for confirmation
of newly observed mutations that may mediate antiviral resistance. These methods in
general include site-directed mutagenesis of replication-competent HBV genomes,
exchange of HBV genome fragments, PCR amplification of complete HBV genomes
or cloning of amplified HBV genomes, followed by subsequent transfection of these
genomes. HBV replication capacity and drug susceptibility are usually measured by
quantification of the different species of viral nucleic acids that form in the cell cul-
ture system. In order to minimize variations in transient transfection assays, and to
allow a more reproducible measure of drug susceptibility, mutant HBV genomes were
integrated into permanent cell lines (Yang 2005) or into baculovirus for transfer into
mammalian cells (Delaney 2001). These latter methods are more laborious, but take
whole genome variability into account and allow cross-resistance testing for various
drugs (Delaney 2001; Zoulim 2006). Although transfection or transduction of mutant
HBYV genomes allows replication capacity and drug susceptibility to be studied, viral
fitness can be assessed only incompletely as the early steps of infection — viral uptake
and entry into the hepatocyte — cannot be investigated in these systems. Furthermore,
it is important to note that there is no standardization of methods used worldwide,
thus it is difficult to compare the level of resistance caused by the individually tested
mutations in any quantitative manner.

Future options for antiviral therapy and molecular
mechanisms of therapeutic failure

Despite safe and efficient vaccines the human hepatitis B virus (HBV) remains a ma-
jor medical problem worldwide. According to cautious appraisals by the World Health
Organisation an estimated number of 2 billion people worldwide - i.e., one third of
mankind - have been infected with HBV, of which 350-450 million people are chroni-
cally infected lifelong (www.who.int).

In Germany, 0.8% of all residents, some 640,000 people, are chronically in-
fected with HBV (Robert Koch Institute, www.rki.de). In the European Commu-
nity, with an estimated 459 million residents in 2005 (http://europa.eu), this same
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percentage means more than 3.67 million chronically HBV-infected patients in
Europe. Besides the medical problem, socio-economic costs per patient and year
are calculated at 25,000€ which is a severe economic concern for the European
Community, resulting in an economical worst case scenario of total costs of up to
94,000,000,000€ per year.

The high costs caused by a chronically HBV infected patient are a consequence of
the biology of the HBV infection. Once it has become chronic, HBV is a major cause
of severe subsequent liver disease that initiates with fibrosis, leads to cirrhosis and
finally causes hepatocellular carcinoma that often can only be treated by liver trans-
plantation or leads to a fatal outcome if untreated. Recent studies have shown that the
progression of chronic HBV infection and thus progression of liver disease can be
efficiently slowed by vigorous antiviral therapy (Liaw 2006; Liu 2006).

These antiviral therapies are based on interferons (with a broad range of mild to
severe side effects) and an increasing number of nucleoside and nucleotide ana-
logues (Hadzayannis 2006). The latter groups of compounds were initially used
for HIV therapy in which they inhibit the viral RNA-dependent DNA polymerase
(reverse transcriptase), an enzyme that is also encoded by the HBV genome. The
mechanism of action of nucleos(t)ide analogues against HBV is similar as they also
inhibit the viral reverse transcriptase which results in chain termination in viral
replication and consequently to the reduction of viremia. Despite the increasing
number of anti-HBV drugs in clinical studies or in development, only 5 compounds
are approved for HBV therapy, namely lamivudine, adefovir, entecavir, tenofo-
vir, and clebivudine. As seen with HIV therapy, the usage of antiviral agents fre-
quently arrives to the development of agent resistance that in most cases is caused
by mutations in the viral target enzymes, i.e., in HBV and HIV, the viral reverse
transcriptase(s).

Taking those facts into account it was rather surprising that with the introduction
of adefovir several cases of nonresponse to the drug were observed that were associ-
ated not only with mutations or newly detected variants of the virus (Potthot 2006;
Schildgen 2006b; Tillman 2007). In fact, despite proven compliance, in some cases
the drug was unable to reduce viremia, although so far no resistance mutations have
been described (Schildgen 2007; Schildgen 2006; Schildgen 2006b; Schildgen 2004;
Schildgen 2006c; Sirma 2007). Surprisingly, in 2005 the Gerlich group at Giessen
University Germany in parallel to myself detected a very small cohort of patients
with a putative primary resistance to adefovir that was subsequently associated with
a novel mutation in the viral polymerase (Schildgen 2006¢c). However, further stud-
ies have revealed that there remains a remarkable proportion of patients that do not
respond to adefovir and other drugs (Carroue-Durantel 2008; Curtis 2007; Durantel
2005; Tillman 2007; Villet 2008).

Those observations lead to the conclusion that in some patients (in case of adefovir
and tenofovir) (a) either the applied prodrugs are not efficiently processed into the
active metabolites, (b) the drugs are not efficiently delivered to the infected cell due
to a defective or altered transport mechanism, or (c) that the drugs are not efficiently
phosphorylated (Tillman 2007). These assumptions are supported by a number of pre-
vious observations on the metabolism of the nucleos(t)ide analogues:

47



Hepatology - A clinical textbook

* First, especially for adefovir and tenofovir which are administered as prodrugs, de-
fective intracellular esterolytic cleavage may lead to treatment failures (Ray 2004).

* Second, it is known that for the ATP binding cassette transporters, there are sig-
nificant inter-individual differences in the form of polymorphisms in the respective
genes/enzymes resulting in altered drug response, which in turn may induce treat-
ment failure or severe side effects (Cascorbi 2006). Thereby, one of the most impor-
tant human ABC transporters, MDR-1, depending on its allelic structure, was shown
to lead to multiple drug resistance (MDR) against anti-cancer drugs, of which some
belong to the nucleos(t)ide analogue family. MDR-1 mediated resistance is believed
to be associated also with an amplification of the gene within the drug’s target cells
(Gillet 2007).

¢ Third, studies on the metabolism of adefovir (9-(-2)-phosphonylmethoxyethyl)
adenine), an adenosine derivative probably absorbed by the ATP binding cassette,
revealed that the compound is actively transported into the cytoplasm by a 50 kDa
protein against a concentration gradient (Cihlar 1995) before it is phosphorylated to
its diphosphorylated derivate PMEApp by the 5-phosphoribosyl-1-pyrophosphate
(PRPP) synthase and/or adenylate kinase 2; the diphosphorylated form can be incor-
porated into the viral genome (Balzarini 1991; Krejcova 2000; Ray 2004; Robbins
1995; Robbins 1995b). Thereby, adefovir can reach intracellular levels of up to 10
pmol per one million cells. Polymorphisms in any of the enzymes involved in these
uptake cascades may also lead to impaired antiviral activity.

Nevertheless, from those earlier studies and also from newer studies on the me-
tabolism of adefovir and tenofovir (Delaney 2006; Ray 2004), it remains unclear to
what extent other enzymes are involved in the processing of these drugs, as no related
data from the respective clinical cases with non-response of assumed metabolic origin
have been published. However, it can be assumed that the battery of enzymes in-
volved in the phosphorylation of cellular nucleotides and nucleosides is also involved
in the processing of the respective antiviral analogues; these enzymes require serious
attention in future studies and their role in the non-response to HBV antiviral therapy
should be investigated.

A remarkable number of host enzymes involved in nucleos(t)ide metabolism is en-
coded by or located in the mitochondria of the host cells as can be deduced by the
major side effects induced by nucleos(t)ide analogues. This side effect is the displace-
ment of mitochondrial DNA, mainly by inhibition of DNA polymerase Y, and the
subsequent loss of mitochondrial function. This side effect indicates that nucleos(t)
ide analogues enter the interior of mitochondria either in phosphorylated form or in
non-phosphorylated form; in the latter case they are phosphorylated during or after
import into the mitochondria. The mitochondrial nucleoside diphosphate kinase is
functionally coupled to oxidative phosphorylation (Lipskaya 2005; Lipskaya 2008).
Furthermore, recently, it has been shown that the nucleoside diphosphate kinase D
(NM23-H4) binds to the inner mitochondrial membrane and thereby couples the nu-
cleotide transfer with the respiratory chain (Tokarska-Schlattner 2008). In turn, these
recent observations give raise to the hypothesis that efficient phosphorylation and
subsequent processing of HBV antiviral drugs are strongly dependent on a functional
respiratory chain.
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A functional respiratory chain is dependent on a large number of factors, of which
some are understood and others remain to be investigated. The formation of functional
supramolecular “respirasomes” is critically dependent on the stochiometry of their in-
dividual components (McKenzie 2006; Stroh 2004). This indicates that besides a very
balanced protein expression pattern of respiratory chain molecules and the proper
function of those proteins, the physicochemical gradient and the mitochondrial mem-
brane integrity influence mitochondrial function. Nucleoside reverse transcriptase
inhibitors have recently been shown to alter the expression of mitochondria-related
genes in the mouse liver, an effect that is likely to occur also in the liver of HBV-pos-
itive patients treated with similar compounds (Desai 2008). Genes that were affected
by the change in the expression profile include enzymes of the ATP-synthetase (com-
plex V of the respiratory chain), ABC proteins, thymidine kinase 2, twinkle, and the
solute carrier family 25 members 19, 3, and 4 (deoxynucleotide carrier, phosphate car-
rier, and adenine nucleotide translocator, respectively). Furthermore, genes involved
in the formation of the respiratory chain complexes, namely NADH ubiquinone dehy-
drogenase (complex I), succinate ubiquinone dehydrogenase (complex II), ubiquinol
cytochrome c reductase (complex III), and cytochrome ¢ oxidase (complex IV) were
affected (Desai 2008). Taking all these observations together it becomes likely that
antiviral drugs of the nucleos(t)ide type are capable of involuntarily regulating their
own processing once they have entered the interior of the target cell.

Unfortunately, the problem of the host-mediated non-response to antivirals or treat-
ment failures induced by host factors becomes more complicated by an as yet only
partially understood virus-host interaction: The human hepatitis B virus encodes for
a protein with a not fully understood function, namely the X protein. The name of the
protein is derived from the X-files, unsolved criminal cases of the Federal Bureau of
Investigation (FBI) in the US, and comes from the fact that no clear function was at-
tributed to the X-protein. As late as 2001, almost 35 years after the identification of
HBY, it was reported that HBx interacted with mitochondria and subsequently altered
the intracellular calcium signalling, a process that turned out to be a prerequisite for
efficient HBV replication (Bouchard 2001). It has recently been further demonstrated
that HBx localizes to the outer mitochondrial membrane, depolarizes it by modula-
tion of the mitochondrial permeability transition pore, upregulates Ca signaling and
thus HBV replication, and also prevents the mitochondria from being transferred to
an apoptotic stage (Clippinger 2008; Acs 1987). The authors concluded that HBx has
a direct impact on the cell metabolism, and their data give rise to the hypothesis that
nucleic acid metabolism is strongly influenced by HBx and, in turn, the processing
of nucleos(t)ide analogues as well. This assumption is supported by recent data that
shows that HBx induces oxidative stress by a translocalisation of mitochondrial Raf-1
kinase (Chen 2007). Oxidative stress is a condition that may have an impact on the
proper function of the respiratory chain and thus may negatively influence the pro-
cessing of antiviral drugs.

Finally, there remains a chance that virus variants with heretofore known but un-
derestimated mutations, genotype specific polymorphisms, or not yet recognized pat-
terns or combinations of mutations not yet associated with resistance but localised in
the periphery are responsible for treatment failures. Thus, viral strains isolated from
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patients with treatment failures will be tested for in vitro susceptibility to antiviral
nucleos(t)ides by in vitro phenotyping in cell lines. In the absence of a permanent
permissive HBV cell line, recombinant systems need to be used. These phenotyping
systems are able to produce and secrete HBV particles and to react to antivirals by a
decrease in production and secretion of viral particles (Angus 2003; Lucifora 2008;
Schildgen 2006c¢).

In in vitro phenotyping systems some of these underestimated mutations in the viral
reverse transcriptase have already been described and were extensively investigated
in vitro (Zoulim 2006b). However, for some other mutations it remains so far unclear
whether they in fact induce resistance, whereas the roles of other mutations (that have
clear clinical correlates) are still not believed to play a role in antiviral resistance
(Curtis 2007; Tillman 2007; Wong 2006). Unfortunately, in all studies, only a small
domain of the viral polymerase responsible for reverse transcription was taken into
account for analyses, and the role and structural influence of the remaining domains
still remain to be investigated.

One possible explanation for this discrepancy is that a crystal structure of the HBV
polymerase, in contrast to HIV and other retroviruses reverse transcriptases, is still
not available - most binding studies investigating the interaction between the antiviral
compound and the viral reverse transcriptase have been performed in silico (Das 2001;
Langley 2007). Although those in silico models have demonstrated to be a good tool
for prediction of new resistance mutations (Das 2001) and/or analysis of the binding
capacity of new drugs by the mutated HBV reverse transcriptase, they lack flexibility
and remain accessible to a rather limited community, as those models are not freely
available (i.e., no pdb file posted). Furthermore, it appears that most studies have been
driven by commercial interest rather than addressing public scientific interest.

Based on earlier published methodology (Das 2001; Langley 2007), a more flexible
model for prediction of new resistance mutations, including for drugs not yet approved
that can be continuously adjusted to the biological features of the viral polymerase,
is highly desirable. Such an in silico model will be useful both for the scientific com-
munity that develops new antivirals against HBV and the medical community that has
to treat patients, while at the same time avoiding (a) the emergence of resistant HBV
variants and (b) reducing costs by avoiding treatment approaches that use drugs that
the individual HBV-infected patients will not respond to due to existing mutations in
the reverse transcriptase.

References

Acs G, Sells MA, Purcell RH, Price P, Engle R, Shapiro M et al. Hepatitis B virus produced by transfected Hep
G2 cells causes hepatitis in chimpanzees. Proc Natl Acad Sci US 1987; 84(13):4641-4644.

Albin C, Robinson WS. Protein kinase activity in hepatitis B virus. J Virol 1980; 34(1):297-302.

Aldrich CE, Coates L, Wu TT, Newbold J, Tennant BC, Summers J et al. In vitro infection of woodchuck hepatocytes
with woodchuck hepatitis virus and ground squirrel hepatitis virus. Virology 1989; 172(1):247-252.

Ando K, Guidotti LG, Wirth S, Ishikawa T, Missale G, Moriyama T et al. Class I-restricted cytotoxic T lympho-
cytes are directly cytopathic for their target cells in vivo. J Immunol 1994; 152(7):3245-3253.

Angus P, Vaughan R, Xiong S, Yang H, Delaney W, Gibbs C, et al. Resistance to adefovir dipivoxil therapy
associated with the selection of a novel mutation in the HBV polymerase. Gastroenterology 2003;
125:292-7.

50



The human hepatitis B virus

Arauz-Ruiz P, Norder H, Robertson BH, Magnius LO. Genotype H: a new Amerindian genotype of hepatitis B
virus revealed in Central America. J Gen Virol 2002; 83(Pt 8):2059-2073.

Arauz-Ruiz P, Norder H, Visona KA, Magnius LO. Genotype F prevails in HBV infected patients of hispanic
origin in Central America and may carry the precore stop mutant. J Med Virol 1997; 51(4):305-312.

Arauz-Ruiz P, Norder H, Visona KA, Magnius LO. Molecular epidemiology of hepatitis B virus in Central Ameri-
ca reflected in the genetic variability of the small S gene. J Infect Dis 1997; 176(4):851-858.

Arauz-Ruiz P, Sundqvist L, Garcia Z, Taylor L, Visona K, Norder H et al. Presumed common source outbreaks
of hepatitis A in an endemic area confirmed by limited sequencing within the VP1 region. J Med Virol
2001; 65(3):449-456.

Balzarini J, Perno CF, Schols D, De Clercq E. Activity of acyclic nucleoside phosphonate analogues against hu-
man immunodeficiency virus in monocyte/macrophages and peripheral blood lymphocytes. Biochem
Biophys Res Commun 1991; 178:329-35.

Bartenschlager R, Schaller H. Hepadnaviral assembly is initiated by polymerase binding to the encapsidation
signal in the viral RNA genome. EMBO J 1992; 11(9):3413-3420.

Block TM, Lu X, Mehta AS, Blumberg BS, Tennant B, Ebling M et al. Treatment of chronic hepadnavirus infec-
tion in a woodchuck animal model with an inhibitor of protein folding and trafficking. Nat Med 1998;
4(5):610-614.

Block TM, Lu X, Platt FM, Foster GR, Gerlich WH, Blumberg BS et al. Secretion of human hepatitis B virus is
inhibited by the imino sugar N-butyldeoxynojirimycin. Proc Natl Acad Sci US 1994; 91(6):2235-2239.

Blumberg BS, Alter HJ, Visnich S. A“NEW” ANTIGEN IN LEUKEMIA SERA. JAMA 1965; 191:541-546.

Blumberg BS, Gerstley BJ, Hungerford DA, London WT, Sutnick Al. A serum antigen (Australia antigen) in
Down’s syndrome, leukemia, and hepatitis. Ann Intern Med 1967; 66(5):924-931.

Blumberg BS, Sutnick Al, London WT. Hepatitis and leukemia: their relation to Australia antigen. Bull NY Acad
Med 1968; 44(12):1566-1586.

Bouchard MJ, Wang LH, Schneider RJ. Calcium signaling by HBx protein in hepatitis B virus DNA replication.
Science 2001; 294:2376-8.

Bock CT, Schranz P, Schroder CH, Zentgraf H. Hepatitis B virus genome is organized into nucleosomes in the
nucleus of the infected cell. Virus Genes 1994; 8(3):215-229.

Bock CT, Schwinn S, Locarnini S, Fyfe J, Manns MP, Trautwein C et al. Structural organization of the hepatitis
B virus minichromosome. J Mol Biol 2001; 307(1):183-196.

Carrouee-Durantel S, Durantel D, Werle-Lapostolle B, Pichoud C, Naesens L, Neyts J, Trepo C, Zoulim F.
Suboptimal response to adefovir dipivoxil therapy for chronic hepatitis B in nucleoside-naive patients
is not due to pre-existing drug-resistant mutants. Antivir Ther 2008; 13:381-8.

Cascorbi I. Role of pharmacogenetics of ATP-binding cassette transporters in the pharmacokinetics of drugs.
Pharmacol Ther 2006; 112:457-73.

Caselmann WH, Meyer M, Kekule AS, Lauer U, Hofschneider PH, Koshy R. A trans-activator function is gener-
ated by integration of hepatitis B virus preS/S sequences in human hepatocellular carcinoma DNA.
Proc Natl Acad Sci US 1990; 87(8):2970-2974.

Cattaneo R, Will H, Schaller H. Hepatitis B virus transcription in the infected liver. EMBO J 1984; 3(9):2191-
2196.

Chen, J., A. Siddiqui. 2007. Hepatitis B virus X protein stimulates the mitochondrial translocation of Raf-1 via
oxidative stress. J Virol 81:6757-60.

Chen MT, Billaud JN, Sallberg M, Guidotti LG, Chisari FV, Jones J et al. A function of the hepatitis B virus
precore protein is to regulate the immune response to the core antigen. Proc Natl Acad Sci US 2004;
101(41):14913-14918.

Chen ZY, Cheng AC, Wang MS, Xu DW, Zeng W, Li Z. Antiviral effects of PNA in duck hepatitis B virus infection
model. Acta Pharmacol Sin 2007; 28(10):1652-1658.

Chouteau P, Le Seyec J, Cannie |, Nassal M, Guguen-Guillouzo C, Gripon P. A short N-proximal region in the
large envelope protein harbors a determinant that contributes to the species specificity of human
hepatitis B virus. J Virol 2001; 75(23):11565-11572.

Chu CK, Boudinot FD, Peek SF, Hong JH, Choi Y, Korba BE et al. Preclinical investigation of L-FMAU as an
anti-hepatitis B virus agent. Antivir Ther 1998; 3(Suppl 3):113-121.

Cihlar T, Rosenberg |, Votruba I, Holy A. Transport of 9-(2-phosphonomethoxyethyl)adenine across plasma
membrane of HeLa S3 cells is protein mediated. Antimicrob Agents Chemother 1995; 39:117-24.

51



Hepatology - A clinical textbook

Clippinger AJ, Bouchard MJ. Hepatitis B virus HBXx protein localizes to mitochondria in primary rat hepatocytes
and modulates mitochondrial membrane potential. J Virol 2008; 82:6798-811.

Courtois G, Morgan JG, Campbell LA, Fourel G, Crabtree GR. Interaction of a liver-specific nuclear factor with
the fibrinogen and alpha 1-antitrypsin promoters. Science 1987; 238(4827):688-692.

Cullen JM, Marion PL. Non-neoplastic liver disease associated with chronic ground squirrel hepatitis virus infec-
tion. Hepatology 1996; 23(6):1324-1329.

Curtis M, Zhu'Y, Borroto-Esoda K. Hepatitis B virus containing the 1233V mutation in the polymerase reverse-
transcriptase domain remains sensitive to inhibition by adefovir. J Infect Dis 2007; 196:1483-6.

Dandri M, Burda MR, Gocht A, Torok E, Pollok JM, Rogler CE et al. Woodchuck hepatocytes remain permis-
sive for hepadnavirus infection and mouse liver repopulation after cryopreservation. Hepatology 2001;
34(4 Pt 1):824-833.

Dandri M, Burda MR, Torok E, Pollok JM, Iwanska A, Sommer G et al. Repopulation of mouse liver with human
hepatocytes and in vivo infection with hepatitis B virus. Hepatology 2001; 33(4):981-988. b

Dane DS, Cameron CH, Briggs M. Virus-like particles in serum of patients with Australia-antigen-associated
hepatitis. Lancet 1970; 1(7649):695-698.

Das K, Xiong X, Yang H, Westland CE, Gibbs CS, Sarafianos SG, Arnold E. Molecular modeling and biochemi-
cal characterization reveal the mechanism of hepatitis B virus polymerase resistance to lamivudine
(3TC) and emtricitabine (FTC). J Virol 2001; 75:4771-9.

Daub H, Blencke S, Habenberger P, Kurtenbach A, Dennenmoser J, Wissing J et al. Identification of SRPK1
and SRPK2 as the major cellular protein kinases phosphorylating hepatitis B virus core protein. J Virol
2002; 76(16):8124-8137.

Delaney WE, Edwards R, Colledge D, Shaw T, Torresi J, Miller TG et al. Cross-resistance testing of antihep-
adnaviral compounds using novel recombinant baculoviruses which encode drug-resistant strains of
hepatitis B virus. Antimicrob Agents Chemother 2001; 45(6):1705-1713.

Delaney WE, Ray AS, Yang H, Qi X, Xiong S, Zhu Y, Miller MD. Intracellular metabolism and in vitro activity of
tenofovir against hepatitis B virus. Antimicrob Agents Chemother 2006; 50:2471-7.

Delmas J, Schorr O, Jamard C, Gibbs C, Trepo C, Hantz O et al. Inhibitory effect of adefovir on viral DNA syn-
thesis and covalently closed circular DNA formation in duck hepatitis B virus-infected hepatocytes in
vivo and in vitro. Antimicrob Agents Chemother 2002; 46(2):425-433.

Deres K, Schroder CH, Paessens A, Goldmann S, Hacker HJ, Weber O et al. Inhibition of hepatitis B virus
replication by drug-induced depletion of nucleocapsids. Science 2003; 299(5608):893-896.

Desai VG, Lee T, Delongchamp RR, Leakey JE, Lewis SM, Lee F, Moland CL, Branham WS, Fuscoe JC. Nu-
cleoside reverse transcriptase inhibitors (NRTIs)-induced expression profile of mitochondria-related
genes in the mouse liver. Mitochondrion 2008; 8:181-95.

Doria M, Klein N, Lucito R, Schneider RJ. The hepatitis B virus HBx protein is a dual specificity cytoplasmic
activator of Ras and nuclear activator of transcription factors. EMBO J 1995; 14(19):4747-4757.

Durantel D, Brunelle MN, Gros E, Carrouee-Durantel S, Pichoud C, Villet S, Trepo C, Zoulim F. Resistance of

human hepatitis B virus to reverse transcriptase inhibitors: from genotypic to phenotypic testing. J Clin
Virol 2005; 34 Suppl 1:5S34-43.

Enders GH, Ganem D, Varmus H. Mapping the major transcripts of ground squirrel hepatitis virus: the presump-
tive template for reverse transcriptase is terminally redundant. Cell 1985; 42(1):297-308.

Foster WK, Miller DS, Scougall CA, Kotlarski |, Colonno RJ, Jilbert AR. Effect of antiviral treatment with ente-
cavir on age- and dose-related outcomes of duck hepatitis B virus infection. J Virol 2005; 79(9):5819-
5832.

Fung SK, Lok AS. Hepatitis B virus genotypes: do they play a role in the outcome of HBV infection? Hepatology
2004; 40(4):790-792.

Ganem D, Prince AM. Hepatitis B virus infection--natural history and clinical consequences. N Engl J
Med 2004; 350(11):1118-1129.

Gerlich WH, Goldmann U, Muller R, Stibbe W, Wolff W. Specificity and localization of the hepatitis B virus-
associated protein kinase. J Virol 1982; 42(3):761-766.

Gillet JP, Efferth T, Remacle J. 2007. Chemotherapy-induced resistance by ATP-binding cassette transporter
genes. Biochim Biophys Acta 1775:237-62.

Gripon P, Cannie |, Urban S. Efficient inhibition of hepatitis B virus infection by acylated peptides derived from
the large viral surface protein. J Virol 2005; 79(3):1613-1622.

52



The human hepatitis B virus

Gripon P, Diot C, Guguen-Guillouzo C. Reproducible high level infection of cultured adult human hepato-
cytes by hepatitis B virus: effect of polyethylene glycol on adsorption and penetration. Virology 1993;
192(2):534-540.

Gripon P, Diot C, Theze N, Fourel |, Loreal O, Brechot C et al. Hepatitis B virus infection of adult human hepa-
tocytes cultured in the presence of dimethyl sulfoxide. J Virol 1988; 62(11):4136-4143.

Guidotti LG, Ando K, Hobbs MV, Ishikawa T, Runkel L, Schreiber RD et al. Cytotoxic T lymphocytes inhibit
hepatitis B virus gene expression by a noncytolytic mechanism in transgenic mice. Proc Natl Acad Sci
US 1994; 91(9):3764-3768.

Guidotti LG, Borrow P, Brown A, McClary H, Koch R, Chisari FV. Noncytopathic clearance of lymphocytic cho-
riomeningitis virus from the hepatocyte. J Exp Med 1999; 189(10):1555-1564.

Guidotti LG, Guilhot S, Chisari FV. Interleukin-2 and alpha/beta interferon down-regulate hepatitis B virus gene
expression in vivo by tumor necrosis factor-dependent and -independent pathways. J Virol 1994;
68(3):1265-1270.

Guidotti LG, Ishikawa T, Hobbs MV, Matzke B, Schreiber R, Chisari FV. Intracellular inactivation of the hepatitis
B virus by cytotoxic T lymphocytes. Immunity 1996; 4(1):25-36.

Guidotti LG, McClary H, Loudis JM, Chisari FV. Nitric oxide inhibits hepatitis B virus replication in the livers of
transgenic mice. J Exp Med 2000; 191(7):1247-1252.

Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari FV. Viral clearance without destruction of
infected cells during acute HBV infection. Science 1999; 284(5415):825-829. b

Guo H, Mason WS, Aldrich CE, Saputelli JR, Miller DS, Jilbert AR et al. Identification and characterization of
avihepadnaviruses isolated from exotic anseriformes maintained in captivity. J Virol 2005; 79(5):2729-
2742.

Guo W, Chen M, Yen TS, Ou JH. Hepatocyte-specific expression of the hepatitis B virus core promoter depends
on both positive and negative regulation. Mol Cell Biol 1993; 13(1):443-448.

Hadziyannis SJ New developments in the treatment of chronic hepatitis B. Expert Opin Biol Ther 2006; 6:913-21.

Hafkemeyer P, Keppler-Hafkemeyer A, al Haya MA, Janta-Lipinski M, Matthes E, Lehmann C et al. Inhibition
of duck hepatitis B virus replication by 2’,3'-dideoxy-3’-fluoroguanosine in vitro and in vivo. Antimicrob
Agents Chemother 1996; 40(3):792-794.

Hagelstein J, Fathinejad F, Stremmel W, Galle PR. pH-independent uptake of hepatitis B virus in primary human
hepatocytes. Virology 1997; 229(1):292-294.

Heermann KH, Goldmann U, Schwartz W, Seyffarth T, Baumgarten H, Gerlich WH. Large surface proteins of
hepatitis B virus containing the pre-s sequence. J Virol 1984; 52(2):396-402.

Heijtink RA, De Wilde GA, Kruining J, Berk L, Balzarini J, De Clercq E et al. Inhibitory effect of 9-(2-
phosphonylmethoxyethyl)-adenine (PMEA) on human and duck hepatitis B virus infection. Antiviral
Res 1993; 21(2):141-153.

Henkler F, Hoare J, Waseem N, Goldin RD, McGarvey MJ, Koshy R et al. Intracellular localization of the hepa-
titis B virus HBx protein. J Gen Virol 2001; 82(Pt 4):871-882.

Hirsch RC, Lavine JE, Chang LJ, Varmus HE, Ganem D. Polymerase gene products of hepatitis B viruses are
required for genomic RNA packaging as wel as for reverse transcription. Nature 1990; 344(6266):552-
555.

Hu X, Margolis HS, Purcell RH, Ebert J, Robertson BH. Identification of hepatitis B virus indigenous to chimpan-
zees. Proc Natl Acad Sci US 2000; 97(4):1661-1664.

Huang MJ, Summers J. Infection initiated by the RNA pregenome of a DNA virus. J Virol 1991; 65(10):5435-
5439.

Ishikawa T, Ganem D. The pre-S domain of the large viral envelope protein determines host range in avian
hepatitis B viruses. Proc Natl Acad Sci US 1995; 92(14):6259-6263.

Jilbert AR, Wu TT, England JM, Hall PM, Carp NZ, O’Connell AP et al. Rapid resolution of duck hepatitis B virus
infections occurs after massive hepatocellular involvement. J Virol 1992; 66(3):1377-1388.

Kajino K, Jilbert AR, Saputelli J, Aldrich CE, Cullen J, Mason WS. Woodchuck hepatitis virus infections: very
rapid recovery after a prolonged viremia and infection of virtually every hepatocyte. J Virol 1994;
68(9):5792-5803.

Kakimi K, Lane TE, Chisari FV, Guidotti LG. Cutting edge: Inhibition of hepatitis B virus replication by activated
NK T cells does not require inflammatory cell recruitment to the liver. J Immunol 2001; 167(12):6701-
6705.

53



Hepatology - A clinical textbook

Kann M, Bischof A, Gerlich WH. In vitro model for the nuclear transport of the hepadnavirus genome. J Virol
1997; 71(2):1310-1316.

Kann M, Thomssen R, Kochel HG, Gerlich WH. Characterization of the endogenous protein kinase activity of
the hepatitis B virus. Arch Virol Suppl 1993; 8:53-62.

Kaplan PM, Greenman RL, Gerin JL, Purcell RH, Robinson WS. DNA polymerase associated with human
hepatitis B antigen. J Virol 1973; 12(5):995-1005.

Kau JH, Ting LP. Phosphorylation of the core protein of hepatitis B virus by a 46-kilodalton serine kinase. J Virol
1998; 72(5):3796-3803.

Kekule AS, Lauer U, Meyer M, Caselmann WH, Hofschneider PH, Koshy R. The preS2/S region of integrated
hepatitis B virus DNA encodes a transcriptional transactivator. Nature 1990; 343(6257):457-461.

Kim SH, Kim SH, Oh HK, Ryu CJ, Park SY, Hong HJ. In vivo hepatitis B virus-neutralizing activity of an anti-
HBsAg humanized antibody in chimpanzees. Exp Mol Med 2008; 40(1):145-149.

Klingmuller U, Schaller H. Hepadnavirus infection requires interaction between the viral pre-S domain and a
specific hepatocellular receptor. J Virol 1993; 67(12):7414-7422.

Kock J, Borst EM, Schlicht HJ. Uptake of duck hepatitis B virus into hepatocytes occurs by endocytosis but does not
require passage of the virus through an acidic intracellular compartment. J Virol 1996; 70(9):5827-5831.

Komiya Y, Katayama K, Yugi H, Mizui M, Matsukura H, Tomoguri T et al. Minimum infectious dose of hepatitis
B virus in chimpanzees and difference in the dynamics of viremia between genotype A and genotype
C. Transfusion 2008; 48(2):286-294.

Krejcova R, Horska K, Votruba I, Holy A. Interaction of guanine phosphonomethoxyalkyl derivatives with GMP
kinase isoenzymes. Biochem Pharmacol 2000; 60:1907-13.

Kumar R, Nath M, Tyrrell DL. Design and synthesis of novel 5-substituted acyclic pyrimidine nucleosides as
potent and selective inhibitors of hepatitis B virus. J Med Chem 2002; 45(10):2032-2040.

Kumar R, Rai D, Sharma SK, Saffran HA, Blush R, Tyrrell DL. Synthesis and antiviral activity of novel 5-(1-
cyanamido-2-haloethyl) and 5-(1-hydroxy(or methoxy)-2-azidoethyl) analogues of uracil nucleosides.
J Med Chem 2001; 44(21):3531-3538.

Kumar R, Sharma N, Nath M, Saffran HA, Tyrrell DL. Synthesis and antiviral activity of novel acyclic nucleoside
analogues of 5-(1-azido-2-haloethyl)uracils. J Med Chem 2001; 44(24):4225-4229. b

Kumar R, Tyrrell DL. Novel 5-vinyl pyrimidine nucleosides with potent anti-hepatitis B virus activity. Bioorg Med
Chem Lett 2001; 11(22):2917-2920. ¢

Lambert V, Fernholz D, Sprengel R, Fourel |, Deleage G, Wildner G et al. Virus-neutralizing monoclonal antibody
to a conserved epitope on the duck hepatitis B virus pre-S protein. J Virol 1990; 64(3):1290-1297.

Lan YT, Li J, Liao W, Ou J. Roles of the three major phosphorylation sites of hepatitis B virus core protein in viral
replication. Virology 1999; 259(2):342-348.

Lanford RE, Chavez D, Barrera A, Brasky KM. An infectious clone of woolly monkey hepatitis B virus. J Virol
2003; 77(14):7814-7819.

Lanford RE, Chavez D, Brasky KM, Burns RB, lll, Rico-Hesse R. Isolation of a hepadnavirus from the woolly
monkey, a New World primate. Proc Natl Acad Sci US 1998; 95(10):5757-5761.

Lanford RE, Kim YH, Lee H, Notvall L, Beames B. Mapping of the hepatitis B virus reverse transcriptase TP
and RT domains by transcomplementation for nucleotide priming and by protein-protein interaction. J
Virol 1999; 73(3):1885-1893.

Lanford RE, Notvall L, Lee H, Beames B. Transcomplementation of nucleotide priming and reverse transcription
between independently expressed TP and RT domains of the hepatitis B virus reverse transcriptase.
J Virol 1997; 71(4):2996-3004.

Langley DR, Walsh AW, Baldick CJ, Eggers BJ, Rose RE, Levine SM, Kapur AJ, Colonno RJ, Tenney DJ. Inhibi-
tion of hepatitis B virus polymerase by entecavir. J Virol 2007; 81:3992-4001.

Lara-Pezzi E, Serrador JM, Montoya MC, Zamora D, Yanez-Mo M, Carretero M et al. The hepatitis B virus X
protein (HBx) induces a migratory phenotype in a CD44-dependent manner: possible role of HBx in
invasion and metastasis. Hepatology 2001; 33(5):1270-1281.

Le Guerhier F, Thermet A, Guerret S, Chevallier M, Jamard C, Gibbs CS et al. Antiviral effect of adefovir
in combination with a DNA vaccine in the duck hepatitis B virus infection model. J Hepatol 2003;
38(3):328-334.

Liao W, Ou JH. Phosphorylation and nuclear localization of the hepatitis B virus core protein: significance of
serine in the three repeated SPRRR motifs. J Virol 1995; 69(2):1025-1029.

54



The human hepatitis B virus

Liaw YF, Sung JJ, Chow WC, Farrell G, Lee CZ, Yuen H et al. Lamivudine for patients with chronic hepatitis B
and advanced liver disease. N Engl J Med 2004; 351(15):1521-1531.

Liaw YF. Hepatitis B virus replication and liver disease progression: the impact of antiviral therapy. Antivir Ther
2006; 11:669-79.

Lien JM, Aldrich CE, Mason WS. Evidence that a capped oligoribonucleotide is the primer for duck hepatitis B
virus plus-strand DNA synthesis. J Virol 1986; 57(1):229-236.

Lien JM, Aldrich CE, Mason WS. Evidence that a capped oligoribonucleotide is the primer for duck hepatitis B
virus plus-strand DNA synthesis. J Virol 1986; 57(1):229-236. b

Lien JM, Petcu DJ, Aldrich CE, Mason WS. Initiation and termination of duck hepatitis B virus DNA synthesis
during virus maturation. J Virol 1987; 61(12):3832-3840.

Lipskaya TY, Voinova VV. Functional coupling between nucleoside diphosphate kinase of the outer
mitochondrial compartment and oxidative phosphorylation. Biochemistry (Mosc) 2005; 70:1354-62.

Lipskaya TY, Voinova VV. Mitochondrial nucleoside diphosphate kinase: mode of interaction with the outer
mitochondrial membrane and proportion of catalytic activity functionally coupled to oxidative phospho-
rylation. Biochemistry (Mosc) 2008; 73:321-31.

Liu CJ, Chen BF, Chen PJ, Lai MY, Huang WL, Kao JH, and Chen DS. Role of hepatitis B viral load and
basal core promoter mutation in hepatocellular carcinoma in hepatitis B carriers. J Infect Dis 2006;
193:1258-65.

Loeb DD, Hirsch RC, Ganem D. Sequence-independent RNA cleavages generate the primers for plus strand
DNA synthesis in hepatitis B viruses: implications for other reverse transcribing elements. EMBO J
1991; 10(11):3533-3540.

Lofgren B, Vickery K, Zhang YY, Nordenfelt E. 2’,3’-dideoxy-3'-fluoroguanosine inhibits duck hepatitis B virus in
vivo. J Viral Hepat 1996; 3(2):61-65.

Lopez-Cabrera M, Letovsky J, Hu KQ, Siddiqui A. Multiple liver-specific factors bind to the hepatitis B virus core/
pregenomic promoter: trans-activation and repression by CCAAT/enhancer binding protein. Proc Natl
Acad Sci US 1990; 87(13):5069-5073.

Lopez-Cabrera M, Letovsky J, Hu KQ, Siddiqui A. Transcriptional factor C/EBP binds to and transactivates the
enhancer element Il of the hepatitis B virus. Virology 1991; 183(2):825-829.

Lu X, Tran T, Simsek E, Block TM. The alkylated imino sugar, n-(n-Nonyl)-deoxygalactonojirimycin, reduces the
amount of hepatitis B virus nucleocapsid in tissue culture. J Virol 2003; 77(22):11933-11940.

Lubeck MD, Davis AR, Chengalvala M, Natuk RJ, Morin JE, Molnar-Kimber K, et al. Imnmunogenicity and ef-
ficacy testing in chimpanzees of an oral hepatitis B vaccine based on live recombinant adenovirus.
Proc Natl Acad Sci US 1989; 86(17):6763-6767.

Lucifora J, Durantel D, Belloni L, Barraud L, Villet S, Vincent IE, et al. Initiation of hepatitis B virus genome
replication and production of infectious virus following delivery in HepG2 cells by novel recombinant
baculovirus vector. J Gen Virol 2008; 89:1819-28.

Lutwick LI, Robinson WS. DNA synthesized in the hepatitis B Dane particle DNA polymerase reaction. J Virol
1977; 21(1):96-104.

Marion PL, Knight SS, Salazar FH, Popper H, Robinson WS. Ground squirrel hepatitis virus infection. Hepatol-
ogy 1983; 3(4):519-527.

Marion PL, Oshiro LS, Regnery DC, Scullard GH, Robinson WS. A virus in Beechey ground squirrels that is
related to hepatitis B virus of humans. Proc Natl Acad Sci US 1980; 77(5):2941-2945.

Marion PL, Robinson WS. Hepadna viruses: hepatitis B and related viruses. Curr Top Microbiol Immunol 1983;
105:99-121. b

Marion PL, Van Davelaar MJ, Knight SS, Salazar FH, Garcia G, Popper H et al. Hepatocellular carcinoma in
ground squirrels persistently infected with ground squirrel hepatitis virus. Proc Natl Acad Sci U S A
1986; 83(12):4543-4546.

Mason WS, Seal G, Summers J. Virus of Pekin ducks with structural and biological relatedness to human hepa-
titis B virus. J Virol 1980; 36(3):829-836.

Mathew J, Geerts A, Burt AD. Pathobiology of hepatic stellate cells. Hepatogastroenterology 1996; 43(7):72-91.

Maynard M, Parvaz P, Durantel S, Chevallier M, Chevallier P, Lot M et al. Sustained HBs seroconversion
during lamivudine and adefovir dipivoxil combination therapy for lamivudine failure. J Hepatol 2005;
42(2):279-281.

55



Hepatology - A clinical textbook

McKenzie M, Lazarou M, Thorburn DR, Ryan MT. Mitochondrial respiratory chain supercomplexes are destabi-
lized in Barth Syndrome patients. J Mol Biol 2006; 361:462-9.

Mercer DF, Schiller DE, Elliott JF, Douglas DN, Hao C, Rinfret A et al. Hepatitis C virus replication in mice with
chimeric human livers. Nat Med 2001; 7(8):927-933.

Murray JM, Wieland SF, Purcell RH, Chisari FV. Dynamics of hepatitis B virus clearance in chimpanzees. Proc
Natl Acad Sci US 2005; 102(49):17780-17785.

Newbold JE, Xin H, Tencza M, Sherman G, Dean J, Bowden S et al. The covalently closed duplex form of the
hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes. J Virol
1995; 69(6):3350-3357.

Norder H, Arauz-Ruiz P, Blitz L, Pujol FH, Echevarria JM, Magnius LO. The T(1858) variant predisposing to
the precore stop mutation correlates with one of two major genotype F hepatitis B virus clades. J Gen
Virol 2003; 84(Pt 8):2083-2087.

Norder H, Courouce AM, Magnius LO. Complete genomes, phylogenetic relatedness, and structural proteins
of six strains of the hepatitis B virus, four of which represent two new genotypes. Virology 1994;
198(2):489-503.

Ochiya T, Tsurimoto T, Ueda K, Okubo K, Shiozawa M, Matsubara K. An in vitro system for infection with hepatitis
B virus that uses primary human fetal hepatocytes. Proc Natl Acad Sci US 1989; 86(6):1875-1879.

Offensperger WB, Offensperger S, Keppler-Hafkemeyer A, Hafkemeyer P, Blum HE. Antiviral activities of penci-
clovir and famciclovir on duck hepatitis B virus in vitro and in vivo. Antivir Ther 1996; 1(3):141-146.

Ogata N, Miller RH, Ishak KG, Purcell RH. The complete nucleotide sequence of a pre-core mutant of hepatitis
B virus implicated in fulminant hepatitis and its biological characterization in chimpanzees. Virology
1993; 194(1):263-276.

Okochi K, Mayumi M, Haguino Y, Saito N. Evaluation of frequency of Australia antigen in blood donors of Tokyo
by means of immune adherence hemagglutination technique. Vox Sang 1970; 19(3):332-337.

Okochi K, Murakami S. Observations on Australia antigen in Japanese. Vox Sang 1968; 15(5):374-385.

Okochi K, Murakami S. Observations on Australia antigen in Japanese. Vox Sang 1968:15:374-85. Vox Sang
1993; 65(1):75. b

Papatheodoridis GV, Petraki K, Cholongitas E, Kanta E, Ketikoglou |, Manesis EK. Impact of interferon-alpha
therapy on liver fibrosis progression in patients with HBeAg-negative chronic hepatitis B. J Viral Hepat
2005; 12(2):199-206.

Pasquetto V, Wieland SF, Uprichard SL, Tripodi M, Chisari FV. Cytokine-sensitive replication of hepatitis B virus
in immortalized mouse hepatocyte cultures. J Virol 2002; 76(11):5646-5653.

Peek SF, Cote PJ, Jacob JR, Toshkov IA, Hornbuckle WE, Baldwin BH et al. Antiviral activity of clevudine
[L-FMAU, (1-(2-fluoro-5-methyl-beta, L-arabinofuranosyl) uracil)] against woodchuck hepatitis virus
replication and gene expression in chronically infected woodchucks (Marmota monax). Hepatology
2001; 33(1):254-266.

Pinzani M. Novel insights into the biology and physiology of the Ito cell. Pharmacol Ther 1995; 66(2):387-412.

Potthoff A, Tillmann HL, Bara C, Deterding K, Pethig K, Meyer S, et al. Improved outcome of chronic hepatitis B
after heart transplantation by long-term antiviral therapy. J Viral Hepat 2006; 13:734-41.

Pride MW, Bailey CR, Muchmore E, Thanavala Y. Evaluation of B and T-cell responses in chimpanzees immu-
nized with Hepagene, a hepatitis B vaccine containing pre-S1, pre-S2 gene products. Vaccine 1998;
16(6):543-550.

Pugh JC, Di Q, Mason WS, Simmons H. Susceptibility to duck hepatitis B virus infection is associated with the
presence of cell surface receptor sites that efficiently bind viral particles. J Virol 1995; 69(8):4814-
4822.

Pugh JC, Summers JW. Infection and uptake of duck hepatitis B virus by duck hepatocytes maintained in the
presence of dimethyl sulfoxide. Virology 1989; 172(2):564-572.

Rabe B, Vlachou A, Pante N, Helenius A, Kann M. Nuclear import of hepatitis B virus capsids and release of the
viral genome. Proc Natl Acad Sci US 2003; 100(17):9849-9854.

Raney AK, Zhang P, McLachlan A. Regulation of transcription from the hepatitis B virus large surface antigen
promoter by hepatocyte nuclear factor 3. J Virol 1995; 69(6):3265-3272.

Ray AS, Vela JE, Olson L, Fridland A. Effective metabolism and long intracellular half life of the anti-hepatitis B
agent adefovir in hepatic cells. Biochem Pharmacol 2004; 68:1825-31.

56



The human hepatitis B virus

Rigg RJ, Schaller H. Duck hepatitis B virus infection of hepatocytes is not dependent on low pH. J Virol 1992;
66(5):2829-2836.

Rizzetto M, Tassopoulos NC, Goldin RD, Esteban R, Santantonio T, Heathcote EJ et al. Extended lamivudine
treatment in patients with HBeAg-negative chronic hepatitis B. J Hepatol 2005; 42(2):173-179.

Robbins BL, Connelly MC, Marshall DR, Srinivas RV, Fridland A. A human T lymphoid cell variant resistant to
the acyclic nucleoside phosphonate 9-(2-phosphonylmethoxyethyl)adenine shows a unique combina-
tion of a phosphorylation defect and increased efflux of the agent. Mol Pharmacol 1995; 47:391-7.

Robbins BL, Greenhaw J, Connelly MC, Fridland A. Metabolic pathways for activation of the antiviral agent
9-(2-phosphonylmethoxyethyl)adenine in human lymphoid cells. Antimicrob Agents Chemother 1995;
39:2304-8. b

Robinson WS. DNA and DNA polymerase in the core of the Dane particle of hepatitis B. Am J Med Sci 1975;
270(1):151-159.

Robinson WS. DNA and DNA polymerase of a virus-like particle in hepatitis B. Dev Biol Stand 1975; 30:23-37. b

Robinson WS, Clayton DA, Greenman RL. DNA of a human hepatitis B virus candidate. J Virol 1974; 14(2):384-
391.

Robinson WS, Greenman RL. DNA polymerase in the core of the human hepatitis B virus candidate. J Virol
1974; 13(6):1231-1236. b

Robinson WS, Lutwick LI. The virus of hepatitis, type B (first of two parts). N Engl J Med 1976; 295(21):1168-
1175. (155) b. Robinson WS, Lutwick LI. The virus of hepatitis, type B. (Second of two parts). N Engl
J Med 1976; 295(22):1232-1236. (156) Rockey DC. Antifibrotic therapy in chronic liver disease. Clin
Gastroenterol Hepatol 2005; 3(2):95-107.

Sallberg M, Hughes J, Javadian A, Ronlov G, Hultgren C, Townsend K et al. Genetic immunization of chimpan-
zees chronically infected with the hepatitis B virus, using a recombinant retroviral vector encoding the
hepatitis B virus core antigen. Hum Gene Ther 1998; 9(12):1719-1729.

Schaller H, Fischer M. Transcriptional control of hepadnavirus gene expression. Curr Top Microbiol Immunol
1991; 168:21-39.

Schildgen O, Fiedler M, Dahmen U, Li J, Lohrengel B, Lu M et al. Fluctuation of the cytokine expression in the
liver during the chronic woodchuck hepatitis virus (WHV) infection is not related to viral load. Immunol
Lett 2006; 102(1):31-37.

Schildgen O, Roggendorf M, Lu M. Identification of a glycosylation site in the woodchuck hepatitis virus preS2
protein and its role in protein trafficking. J Gen Virol 2004; 85(Pt 4):787-793.

Schildgen O. Novel lamivudine resistance. Antimicrob Agents Chemother 2007; 51:4533, author reply 4533-4.

Schildgen O, Hartmann H, Gerlich WH. Replacement of tenofovir with adefovir may result in reactivation of
hepatitis B virus replication. Scand J Gastroenterol 2006; 41:245-6.

Schildgen O, Helm M, Gerlich W. Nonresponse to adefovir: host or virus dependent? J Clin Virol 2006: 37:327-8. b

Schildgen O, Schewe CK, Vogel M, Daumer M, Kaiser R, Weitner L, Matz B, and Rockstroh JK. Successful
therapy of hepatitis B with tenofovir in HIV-infected patients failing previous adefovir and lamivudine
treatment. AIDS 2004; 18:2325-7.

Schildgen O, Sirma H, Funk A, Olotu C, Wend UC, Hartmann H, et al. Variant of hepatitis B virus with primary
resistance to adefovir. N Engl J Med 2006; 354:1807-12. ¢

Schmitt S, Glebe D, Alving K, Tolle TK, Linder M, Geyer H et al. Analysis of the pre-. J Biol Chem 1999;
274(17):11945-11957.

Schmitt S, Glebe D, Tolle TK, Lochnit G, Linder D, Geyer R et al. Structure of pre-. J Gen Virol 2004; 85(Pt
7):2045-2053.

Schultz U, Chisari FV. Recombinant duck interferon gamma inhibits duck hepatitis B virus replication in primary
hepatocytes. J Virol 1999; 73(4):3162-3168.

Schultz U, Summers J, Staeheli P, Chisari FV. Elimination of duck hepatitis B virus RNA-containing capsids in
duck interferon-alpha-treated hepatocytes. J Virol 1999; 73(7):5459-5465. b

Seeger C, Baldwin B, Hornbuckle WE, Yeager AE, Tennant BC, Cote P et al. Woodchuck hepatitis virus is a
more efficient oncogenic agent than ground squirrel hepatitis virus in a common host. J Virol 1991;
65(4):1673-1679.

Seeger C, Ganem D, Varmus HE. Biochemical and genetic evidence for the hepatitis B virus replication strat-
egy. Science 1986; 232(4749):477-484.

57



Hepatology - A clinical textbook

Seeger C, Marion PL, Ganem D, Varmus HE. In vitro recombinants of ground squirrel and woodchuck hepatitis
viral DNAs produce infectious virus in squirrels. J Virol 1987; 61(10):3241-3247.

Seeger C, Zoulim F, Mason WS. Hepadnaviruses. In: Knipe DM, et al., editors. Fields Virology. Philadelphia:
Lippincott Williams & Wilkins, 2007: 2977-3029.

Seifer M, Hamatake RK, Colonno RJ, Standring DN. In vitro inhibition of hepadnavirus polymerases by the
triphosphates of BMS-200475 and lobucavir. Antimicrob Agents Chemother 1998; 42(12):3200-3208.

Seigneres B, Aguesse-Germon S, Pichoud C, Vuillermoz I, Jamard C, Trepo C et al. Duck hepatitis B virus poly-
merase gene mutants associated with resistance to lamivudine have a decreased replication capacity
in vitro and in vivo. J Hepatol 2001; 34(1):114-122.

Sirma H, Funk A, Gerlich W, Schildgen O. Does pre-treatment with lamivudine prime for adefovir resistance of
hepatitis B virus infection? J Antimicrob Chemother 2007; 60:448-9.

Starkman SE, MacDonald DM, Lewis JC, Holmes EC, Simmonds P. Geographic and species association of
hepatitis B virus genotypes in non-human primates. Virology 2003; 314(1):381-393.

Stroh A, Anderka O, Pfeiffer K, Yagi T, Finel M, Ludwig B, Schagger H. Assembly of respiratory complexes I,
IIl, and IV into NADH oxidase supercomplex stabilizes complex | in Paracoccus denitrificans. J Biol
Chem 2004; 279:5000-7.

Su JJ, Qin GZ, Yan RQ, Huang DR, Yang C, Lotlikar PD. The expression of insulin-like growth factor Il, hepa-
titis B virus X antigen and p21 in experimental hepatocarcinogenesis in tree shrews. Ann Acad Med
Singapore 1999; 28(1):62-66.

Summers J, O’Connell A, Millman |. Genome of hepatitis B virus: restriction enzyme cleavage and structure of
DNA extracted from Dane particles. Proc Natl Acad Sci US 1975; 72(11):4597-4601.

Summers J, Smolec JM, Snyder R. A virus similar to human hepatitis B virus associated with hepatitis and
hepatoma in woodchucks. Proc Natl Acad Sci US 1978; 75(9):4533-4537.

Sureau C, Eichberg JW, Hubbard GB, Romet-Lemonne JL, Essex M. A molecularly cloned hepatitis B virus
produced in vitro is infectious in a chimpanzee. J Virol 1988; 62(8):3064-3067.

Testut P, Renard CA, Terradillos O, Vitvitski-Trepo L, Tekaia F, Degott C et al. A new hepadnavirus endemic in
arctic ground squirrels in Alaska. J Virol 1996; 70(7):4210-4219.

Thimme R, Wieland S, Steiger C, Ghrayeb J, Reimann KA, Purcell RH et al. CD8(+) T cells mediate viral clear-
ance and disease pathogenesis during acute hepatitis B virus infection. J Virol 2003; 77(1):68-76.

Thornton SM, Walker S, Zuckerman JN. Management of hepatitis B virus infections in two gibbons and a west-
ern lowland gorilla in a zoological collection. Vet Rec 2001; 149(4):113-115.

Tillmann HL. Antiviral therapy and resistance with hepatitis B virus infection. World J Gastroenterol 2007;
13:125-40.

Tokarska-Schlattner M, Boissan M, Munier A, Borot C, Mailleau C, Speer O, Schlattner U, Lacombe ML. The
nucleoside diphosphate kinase D (NM23-H4) binds the inner mitochondrial membrane with high affin-
ity to cardiolipin and couples nucleotide transfer with respiration. J Biol Chem 2008; 283:26198-207.

Tsui LV, Guidotti LG, Ishikawa T, Chisari FV. Posttranscriptional clearance of hepatitis B virus RNA by cytotoxic
T lymphocyte-activated hepatocytes. Proc Natl Acad Sci US 1995; 92(26):12398-12402.

Tuttleman JS, Pugh JC, Summers JW. In vitro experimental infection of primary duck hepatocyte cultures with
duck hepatitis B virus. J Virol 1986; 58(1):17-25.

Urban S, Gripon P. Inhibition of duck hepatitis B virus infection by a myristoylated pre-S peptide of the large viral
surface protein. J Virol 2002; 76(4):1986-1990.

Verschoor EJ, Warren KS, Langenhuijzen S, Heriyanto, Swan RA, Heeney JL. Analysis of two genomic variants
of orang-utan hepadnavirus and their relationship to other primate hepatitis B-like viruses. J Gen Virol
2001; 82(Pt 4):893-897.

Villet S, Pichoud C, Billioud G, Barraud L, Durantel S, Trepo C, Zoulim F. Impact of hepatitis B virus rtA181V/T
mutants on hepatitis B treatment failure. J Hepatol 2008; 48:747-55.

Wahl M, lwarson S, Snoy P, Gerety RJ. Failure of hepatitis B immune globulin to protect against exp infection
in chimpanzees. J Hepatol 1989; 9(2):198-203.

Wang GH, Seeger C. The reverse transcriptase of hepatitis B virus acts as a protein primer for viral DNA syn-
thesis. Cell 1992; 71(4):663-670.

Warren KS, Heeney JL, Swan RA, Heriyanto, Verschoor EJ. A new group of hepadnaviruses naturally infecting
orangutans (Pongo pygmaeus). J Virol 1999; 73(9):7860-7865.

58



The human hepatitis B virus

Watts NR, Conway JF, Cheng N, Stahl SJ, Belnap DM, Steven AC et al. The morphogenic linker peptide of HBV
capsid protein forms a mobile array on the interior surface. EMBO J 2002; 21(5):876-884.

Weber M, Bronsema V, Bartos H, Bosserhoff A, Bartenschlager R, Schaller H. Hepadnavirus P protein utilizes a
tyrosine residue in the TP domain to prime reverse transcription. J Virol 1994; 68(5):2994-2999.

Werle-Lapostolle B, Bowden S, Locarnini S, Wursthorn K, Petersen J, Lau G et al. Persistence of cccDNA
during the natural history of chronic hepatitis B and decline during adefovir dipivoxil therapy. Gastro-
enterology 2004; 126(7):1750-1758.

Wieland S, Thimme R, Purcell RH, Chisari FV. Genomic analysis of the host response to hepatitis B virus infec-
tion. Proc Natl Acad Sci US 2004; 101(17):6669-6674.

Will H, Darai G, Deinhardt F, Schellekens H, Schaller H. Hepatitis B after infection of a chimpanzee with cloned
HBV DNA. Dev Biol Stand 1983; 54:131-133.

Will H, Reiser W, Weimer T, Pfaff E, Buscher M, Sprengel R et al. Replication strategy of human hepatitis B
virus. J Virol 1987; 61(3):904-911.

Wong SN, Lok AS. Treatment of hepatitis B: who, when, and how? Arch Intern Med 2006; 166:9-12.

Xin W, Wang JH. Treatment of duck hepatitis B virus by antisense poly-2’-O-(2,4-dinitrophenyl)-oligoribonucle-
otides. Antisense Nucleic Acid Drug Dev 1998; 8(6):459-468.

Yan RQ, Su JJ, Huang DR, Gan YC, Yang C, Huang GH. Human hepatitis B virus and hepatocellular carci-
noma. |. Experimental infection of tree shrews with hepatitis B virus. J Cancer Res Clin Oncol 1996;
122(5):283-288.

Yan RQ, Su JJ, Huang DR, Gan YC, Yang C, Huang GH. Human hepatitis B virus and hepatocellular carci-
noma. Il. Experimental induction of hepatocellular carcinoma in tree shrews exposed to hepatitis B
virus and aflatoxin B1. J Cancer Res Clin Oncol 1996; 122(5):289-295. b

Yang H, Qi X, Sabogal A, Miller M, Xiong S, Delaney WE. Cross-resistance testing of next-generation nucleo-
side and nucleotide analogues against lamivudine-resistant HBV. Antivir Ther 2005; 10(5):625-633.

Yoshida EM, Ramiji A, Chatur N, Davis JE, Owen DA. Regression of cirrhosis associated with hepatitis B e
(HBe) antigen-negative chronic hepatitis B infection with prolonged lamivudine therapy. Eur J Gastro-
enterol Hepatol 2004; 16(3):355-358.

Zhang Z, Torii N, Hu Z, Jacob J, Liang TJ. X-deficient woodchuck hepatitis virus mutants behave like attenuated
viruses and induce protective immunity in vivo. J Clin Invest 2001; 108(10):1523-1531.

Zoulim F. In vitro models for studying hepatitis B virus drug resistance. Semin Liver Dis 2006; 26(2):171-180.

Zoulim F, Saputelli J, Seeger C. Woodchuck hepatitis virus X protein is required for viral infection in vivo. J Virol
1994; 68(3):2026-2030.

Zoulim F, Seeger C. Reverse transcription in hepatitis B viruses is primed by a tyrosine residue of the poly-
merase. J Virol 1994; 68(1):6-13.

Zoulim, F. In vitro models for studying hepatitis B virus drug resistance. Semin Liver Dis 2006; 26:171-80.

Zuckerman AJ, Scalise G, Mazaheri MR, Kremastinou J, Howard CR, Sorensen K. Transmission of hepatitis B
to the rhesus monkey. Dev Biol Stand 1975; 30:236-239.

Zuckerman AJ, Thornton A, Howard CR, Tsiquaye KN, Jones DM, Brambell MR. Hepatitis B outbreak among
chimpanzees at the London Zoo. Lancet 1978; 2(8091):652-654.

59






Chapter 6: HCV - Virology

Bernd Kupfer

History

Hepatitis C virus (HCV) is a major cause of progressive liver disease with approxi-
mately 170 million people infected worldwide. HCV induces chronic infection in up
to 80% of infected individuals. The main complications of HCV infection are severe
liver fibrosis and cirrhosis, and 30-50% of individuals with cirrhosis go on to develop
hepatocellular carcinoma (Tong 1995; Poynard 1997).

Until 1975, only two hepatitis viruses had been identified, the “infectious hepatitis vi-
rus” (hepatitis A virus, HAV) and the “serum hepatitis virus” (hepatitis B virus, HBV).
However, other viruses were excluded from being the cause of approximately 65%
of post-transfusion hepatitis. Therefore, these hepatitis cases were termed “non-A,
non-B hepatitis” (NANBH) (Feinstone 1975). Inoculation of chimpanzees (Pan trog-
lodytes) with blood products derived from humans with NANB hepatitis led to persis-
tent increases of serum alanine aminotransferase (ALT) indicating that an infectious
agent was the cause of the disease (Alter 1978; Hollinger 1978). Subsequently, it was
demonstrated that the NANBH agent could be inactivated by chloroform (Feinstone
1983). Moreover, it was reported that the infectious agent was able to pass through
80 nm membrane filters (Bradley 1985). Taken together these findings suggested that
the NANBH causing agent would be a small virus with a lipid envelope. However,
the lack of a suitable cell culture system for cultivation of the NANBH agent and the
limited availability of chimpanzees prevented further characterization of the causative
agent of NANBH for several years. In 1989, using a newly developed cloning strategy
for nucleic acids derived from plasma of NANBH infected chimpanzees the genome
of the major causative agent for NANBH was characterized (Choo 1989). cDNA clone
5-1-1 encoded immunological epitopes that interacted with sera from individuals with
NANBH (Choo 1989; Kuo 1989). The corresponding infectious virus causing the
majority of NANBH was subsequently termed hepatitis C virus (HCV).

Taxonomy and genotypes
HCYV is a small-enveloped virus with one single-stranded positive-sense RNA molecule
of approximately 9.6 kb. It is a member of the Flaviviridac family. This viral family
contains three genera, flavivirus, pestivirus, and hepacivirus. To date, only two mem-
bers of the hepacivirus genus have been identified, HCV and GB virus B (GBV-B), a
virus that had been initially detected together with the then-unclassified virus GB virus
A (GBV-A) in a surgeon with active hepatitis (Thiel 2005; Ohba 1996; Simons 1995).
However, the natural hosts for GBV-B and GBV-C seem to be monkeys of the Sagui-
nus species (tamarins). Analyses of viral sequences and phylogenetic comparisons sup-
port HCV’s membership in a distinct genus from flavivirus or pestivirus (Choo 1991).
The error-prone RNA polymerase of HCV together with the high replication
rate of the virus is responsible for the large interpatient genetic diversity of HCV
strains. Moreover, the extent of viral diversification of HCV strains within a single
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HCV-positive individual increases significantly over time resulting in the develop-
ment of quasispecies (Bukh 1995).

Comparisons of HCV nucleotide sequences derived from individuals from differ-
ent geographical regions revealed the presence of six major HCV genotypes with a
large number of subtypes within each genotype (Simmonds 2004; Simmonds 2005).
Sequence divergence of genotypes and subtypes is 20% and 30%, respectively. HCV
strains belonging to the major genotypes 1, 2, 4, and 5 are found in sub-Saharan Africa
whereas genotypes 3 and 6 are detected with extremely high diversity in South East
Asia. This suggests that these geographical areas could be the origin of the different
HCV genotypes. The emergence of different HCV genotypes in North America and
Europe and other non-tropical countries appears to represent more recent epidem-
ics introduced from the countries of the original HCV endemics (Simmonds 2001;
Ndjomou 2003). Besides epidemiological aspects determination of the HCV genotype
plays an important role for the initiation of anti-HCV treatment since the response
of different genotypes varies significantly with regard to specific antiviral drug regi-
mens, e.g., genotype 1 is most resistant to the current therapy of the combination of
pegylated interferon alpha and ribavirin (Manns 2001; Fried 2002).

Viral structure

Structural analyses of HCV virions are very limited since the virus is difficult to cul-
tivate in cell culture systems, a prerequisite for yielding sufficient virions for electron
microscopy. Moreover, serum-derived virus particles are associated with serum low-
density lipoproteins (Thomssen 1992), which makes it difficult to isolate virions from
serum/plasma of infected subjects by centrifugation. Visualization of HCV virus-like
particles via electron microscopy succeeded only rarely (Kaito 1994; Shimizu 1996a;
Prince 1996) and it was a point of controversy if the detected structures really were
HCYV virions. Nevertheless, these studies suggest that HCV has a diameter of 55 to 65
nm confirming size prediction of the NANBH agent by ultra-filtration (Bradley 1985).
Various forms of HCV virions appear to exist in the blood of infected individuals:
virions bound to very low density lipoproteins (VLDL), virions bound to low density
lipoproteins (LDL), virions complexed with immunoglobulins, and free circulating
virions (Bradley 1991; Thomssen 1992; Thomssen 1993; Agnello 1999; Andre 2002).
The reasons for the close association of a major portion of circulating virions with
LDL and VLDL remain unexplained. One possible explanation is that HCV theoreti-
cally enters hepatocytes via the LDL receptor (Agnello 1999; Nahmias 2006). More-
over, it is speculated that the association with LDL and/or VLDL protects the virus
against neutralization by HCV-specific antibodies.

The design and optimization of subgenomic and genomic HCV replicons in the hu-
man hepatoma cell line Huh7 offered for the first time the possibility to investigate HCV
RNA replication in a standardized manner (Lohmann 1999; Ikeda 2002; Blight 2002).
However, despite the high level of HCV gene expression no infectious viral particles are
actually produced. Therefore, it cannot be used for structural analysis of free virions.

Recently infectious HCV particles have been achieved in cell culture by using recom-
binant systems (Heller 2005; Lindenbach 2005; Wakita 2005; Zhong 2005; Yu 2007).
However, even in these in vitro systems the limited production of viral particles prevents
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3D structural analysis (Yu 2007). Very recently, it was shown by cryo-electron microscopy
(cryoEM) and negative-stain transmission electron microscopy that HCV virions isolated
from cell culture have a spherical shape with a diameter of approximately 50 to 55 nm
(Heller 2005; Wakita 2005; Yu 2007) confirming earlier results that measured the size of
putative native HCV particles from the serum of infected individuals (Prince 1996). The
outer surface of the viral envelope seems to be smooth. Size and morphology are therefore
very similar to other members of the Flaviviridae family such as the dengue virus and the
West Nile virus (Yu 2007). Modifying a baculovirus system (Jeong 2004; Qiao 2004) the
same authors were able to produce large quantities of HCV-like particles (HCV-LP) in
insect cells (Yu 2007). Analysing the HCV-LPs by cryoEM it was demonstrated that the
HCV E1 protein is present in spikes located on the outer surface of the LPs.

Using 3D modeling of the HCV-LPs together with genomic comparison of HCV and
well-characterized flaviviruses it is assumed that 90 copies of a block of two heterodi-
mers of HCV proteins E1 and E2 form the outer layer of the virions with a diameter
of approximately 50 nm (Yu 2007). This outer layer surrounds the lipid bilayer that
contains the viral nucleocapsid consisting of several molecules of the HCV core (C)
protein. An inner spherical structure with a diameter of approximately 30-35 nm has
been observed (Wakita 2005) suggesting the nucleocapsid that harbours the viral ge-
nome (Takahashi 1992).

Genome organization

The genome of the hepatitis C virus consists of one 9.6 kb single-stranded RNA molecule
with positive polarity. Similar to other positive-strand RNA viruses, the genomic RNA of
hepatitis C virus serves as messenger RNA (mRNA) for the translation of viral proteins.
The linear molecule contains a single open reading frame (ORF) coding for a precursor
polyprotein of approximately 3000 amino acid residues (Figure 1). During viral replication
the polyprotein is cleaved by viral as well as host enzymes into three structural proteins
(core, E1, E2) and seven non-structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A,
NS5B). An additional protein (termed F [frameshift] or ARF [alternate reading frame]) is
predicted as a result of ribosomal frameshifting during translation within the core-region
of the genomic RNA (Xu 2001; Walewski 2001; Varaklioti 2002; Branch 2005). Detec-
tion of anti-F protein antibodies in the serum of HCV-positive subjects indicates that the
protein is expressed during infection in vivo (Walewski 2001; Komurian-Pradel 2004).

The structural genes encoding the viral core protein and the viral envelope proteins
E1l and E2 are located at the 5’ terminus of the open reading frame followed down-
stream by the coding regions for the non-structural proteins p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B (Figure 1). The structural proteins are essential components
of the HCV virions, whereas the non-structural proteins are not associated with viri-
ons but are involved in RNA replication and virion morphogenesis.

The ORF is flanked by 5’ and 3’ nontranslated regions (NTR; also called untrans-
lated regions, UTR or noncoding regions, NCR) containing nucleotide sequences rel-
evant for the regulation of viral replication. Both NTRs harbour highly conserved re-
gions compared to the protein encoding regions of the HCV genome. The high grade
of conservation of the NTRs makes them candidates 1) for improved molecular diag-
nostics, ii) as targets for antiviral therapeutics, and iii) as targets for anti-HCV vaccine
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A) large open reading frame

5NTR FNTR
— —_—
[T [ | [ [ | |

ntposition 342 915 1491 2580 2769 3420 5313 5475 6258 7602 9378

B) signal peptidase NS2-NS3 protease NS3-NS4A protease

vy w v Wy v

A p7 NS4A
SPP

Figure 1. Genome organization and polyprotein processing.

A) Nucleotide positions correspond to the HCV strain H77 genotype 1a, accession number
NC_004102. nt, nucleotide; NTR, nontranslated region. B) Cleavage sites within the HCV
precursor polyprotein for the cellular signal peptidase the signal peptide peptidase (SPP) and
the viral proteases NS2-NS3 and NS3-NS4A, respectively.

The 5’NTR is approximately 341 nucleotides long with a complex secondary struc-
ture of four distinct domains (I-IV) (Fukushi 1994; Honda 1999). The first 125 nucle-
otides of the 5’NTR spanning domains I and II have been shown to be essential for
viral RNA replication (Friebe 2001; Kim 2002). Domains II-IV build an internal ribo-
some entry side (IRES) involved in ribosome-binding and subsequent cap-indepen-
dent initiation of translation (Tsukiyama-Kohara 1992; Wang 1993).

The 3’NTR consists of three functionally distinct regions: a variable region, a poly
U/UC tract of variable length, and the highly conserved X tail at the 3’ terminus of
the HCV genome (Tanaka 1995; Kolykhalov 1996; Blight 1997). The variable re-
gion of approximately 40 nucleotides is not essential for RNA replication. However,
deletion of this sequence led to significantly decreased replication efficiency (Yana-
gi 1999; Friebe 2002). The length of the poly U/UC region varies in different HCV
strains ranging from 30 to 80 nucleotides (Kolykhalov 1996). The minimal length
of that region for active RNA replication has been reported to be 26 homouridine
nucleotides in cell culture (Friebe 2002). The highly conserved 98 nucleotide X tail
consists of three stem-loops (SL1-SL3) (Tanaka 1996; Ito 1997; Blight 1997) and
deletions or nucleotide substitutions within that region are most often lethal (Yanagi
1999; Kolykhalov 2000; Friebe 2002; Yi 2003). Another so-called “kissing-loop”
interaction of the 3°X tail SL2 and a complementary portion of the NS5B encoding
region has been described (Friebe 2005). This interaction induces a tertiary RNA
structure of the HCV genome that is essential for HCV replication in cell culture
systems (Friebe 2005; You 2008). Finally, both NTRs appear to work together in a
long-range RNA-RNA interaction possibly resulting in temporary genome circular-
ization (Song 2006).
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Genes and proteins
As described above, translation of the HCV polyprotein is initiated through involve-
ment of some domains in NTRs of the genomic HCV RNA. The resulting polyprotein
consists of ten proteins that are co-translationally or post-translationally cleaved from
the polyprotein. The N-terminal proteins C, E1, E2, and p7 are processed by a cellular
signal peptidase (SP) (Hijikata 1991). The resulting immature core protein still con-
tains the E1 signal sequence at its C terminus. Subsequent cleavage of this sequence by
a signal peptide peptidase (SPP) leads to the mature core protein (McLauchlan 2002).

The non-structural proteins NS2 to NS5B of the HCV polyprotein are processed by
two virus-encoded proteases (NS2-NS3 and NS3) with the NS2-NS3 cysteine pro-
tease cleaving at the junction of NS2-NS3 (Santolini 1995) and the NS3 serine pro-
tease cleaving the remaining functional proteins (Bartenschlager 1993; Eckart 1993;
Grakoui 1993a; Tomei 1993).

The positions of viral nucleotide and amino acid residues correspond to the HCV
strain H77 genotype la, accession number NC 004102. Some parameters character-
izing HCV proteins are summarised in Table 1.

Protein # of aa aa position MW of protein
in ref. seq.
Core immature 191 1-191 23 kd
Core mature 174 1-174 21 kd
F-protein or ARF-protein 126-161 ~ 16-17 kd
E1 192 192-383 35 kd
E2 363 384-746 70 kd
p7 63 747-809 7 kd
NS2 217 810-1026 21 kd
NS3 631 1027-1657 70 kd
NS4A 54 1658-1711 4 kd
NS4B 261 1712-1972 27 kd
NS5A 448 1973-2420 56 kd
NS5B 591 2421-3011 66 kd

Table 1. Overview of the size of HCV proteins.
aa, amino acid; MW, molecular weight; kd, kilodalton; ref. seq., reference sequence (HCV strain
H77; accession number NC_004102).

Core. The core-encoding sequence starts at codon AUG at nt position 342 of the
H77 genome, the start codon for translation of the entire HCV polyprotein. During
translation the polyprotein is transferred to the endoplasmic reticulum (ER) where the
core protein (191 aa) is excised by a cellular signal peptidase (SP). The C terminus of
the resulting core precursor still contains the signal sequence for ER membrane trans-
location of the E1 ectodomain (aa 174-191). This protein region is further processed
by the cellular intramembrane signal peptide peptidase (SPP) leading to removal of
the E1 signal peptide sequence (Hiissy 1996; McLauchlan 2002; Weihofen 2002).
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The multifunctional core protein has a molecular weight of 21 kilodalton (kd). /n
vivo, the mature core molecules are believed to form homo-multimers located mainly
at the ER membrane (Matsumoto 1996). They have a structural function since they
form the viral capsid that contains the HCV genome. In addition, the core protein has
regulatory functions including particle assembly, viral RNA binding, and regulation
of RNA translation (Ait-Goughoulte 2006; Santolini 1994). Moreover, protein expres-
sion analyses indicate that the core protein may be involved in many other cellular re-
actions such as cell signalling, apoptosis, lipid metabolism, and carcinogenesis (Tell-
inghuisen 2002). However, these preliminary findings need to be analyzed further.

E1 and E2. Downstream of the core-coding region of HCV RNA genome two en-
velope glycoproteins are encoded, E1 (gp35; 192 aa) and E2 (gp70; 363 aa). During
translation at the ER both proteins are cleaved from the precursor polyprotein by a
cellular SP. Inside the lumen of the ER both polypeptides experience N-linked glyco-
sylation post-translationally (Duvet 2002). Both glycoproteins E1 and E2 harbour 5
and 11 putative N-glycosylation sites, respectively.

E1l and E2 are type I transmembrane proteins with a large hydrophilic ectodomain
of approximately 160 and 334 aa and a short transmembrane domain (TMD) of 30 aa.
The TMD are responsible for the anchoring of the envelope proteins in the membrane
of the ER and ER retention (Cocquerel 1998; Duvet 1998; Cocquerel 1999; Cocquerel
2001). Moreover, the same domains have been reported to contribute to the formation
of E1-E2 heterodimers (Op de Beeck 2000). The E1-E2 complex is involved in adsorp-
tion of the virus to its putative receptors tetraspanin CD81 and low density lipoprotein
receptor inducing fusion of the viral envelope with the host cell plasma membrane
(Agnello 1999; Flint 1999; Wunschmann 2000). However, the precise mechanism of
host cell entry is still not understood completely. Several other host factors have been
identified to be involved in viral entry. These candidates include the scavenger receptor
B type I (Scarselli 2002; Kapadia 2007), the tight junction proteins claudin-1 (Evans
2007) and occludin (Ploss 2009), the C-type lectins L-SIGN and DC-SIGN (Gardner
2003; Lozach 2003; P6hlmann 2003) and heparan sulfate (Barth 2003).

Two hypervariable regions have been identified within the coding region of E2.
These regions termed hypervariable region 1 (HVR1) and 2 (HVR2) differ by up to
80% in their amino acid sequence (Weiner 1991; Kato 2001). The first 27 aa of the E2
ectodomain represent HVR1, while the HVR2 is formed by a stretch of seven amino
acids (position 91-97). The high variability of the HVRs reflects exposure of these
domains to HCV-specific antibodies. In fact, E2-HVR1 has been shown to be the most
important target for neutralizing antibodies (Farci 1996; Shimizu 1996b). However,
the combination of the mutation of the viral genome with the selective pressure of the
humoral immune response leads to viral escape via epitope alterations. This makes the
development of vaccines that induce neutralizing antibodies challenging.

The p7 protein. The small p7 protein (63 aa) is located between the E2 and NS2
regions of the polyprotein precursor. During translation the cellular SP cleaves the
E2-p7 as well as the p7-NS2 junction. The functional p7 is a membrane protein which
is localized in the endoplasmic reticulum where it forms an ion channel (Hagshenas
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2007; Pavlovic 2003; Griffin 2003). The p7 protein is not essential for RNA replica-
tion since replicons lacking the p7 gene replicate efficiently (Lohmann 1999; Blight
2000), however, it has been suggested that p7 plays an essential role for the formation
of infectious virions (Sakai 2003; Hagshenas 2007).

NS2. The non-structural protein 2 (p21; 217 aa) together with the N-terminal portion
of the NS3 protein form the NS2-3 cysteine protease which catalyses cleavage of the
polyprotein precursor between NS2 and NS3 (Grakoui 1993b; Santolini 1995). The N-
terminus of the functional NS2 arises from the cleavage of the p7-NS2 junction by the
cellular SP. Moreover, after cleavage from the NS3 the protease domain of NS2 seems
to play an essential role in the early stage of virion morphogenesis (Jones 2007).

NS3. The non-structural protein 3 (p70; 631 aa) is cleaved at its N terminus by the
NS2-NS3 protease. The N terminus (189 aa) of the NS3 protein has a serine protease
activity. However, in order to develop full activity of the protease the NS3 protease
domain requires a portion of NS4A (Faila 1994; Bartenschlager 1995; Lin 1995; Tanji
1995; Tomei 1996). NS3 together with the NS4 A cofactor are responsible for cleavage
of the remaining downstream cleavages of the HCV polyprotein precursor. Since the
NS3 protease function is essential for viral infectivity it is a promising target in the
design of antiviral treatments.

The C-terminal portion of NS3 (442 aa) has ATPase/helicase activity, i.e., it cataly-
ses the binding and unwinding of the viral RNA genome during viral replication (Jin
1995; Kim 1995). However, recent findings indicate that other non-structural HCV
proteins such as the viral polymerase NS5B may interact functionally with the NS3
helicase (Jennings 2008). These interactions need to be investigated further in order
to better understand the mechanisms of HCV replication.

NS4A. The HCV nonstructural protein 4A (p4) is a 54 amino acid polypeptide that
acts as a cofactor of the NS3 serine protease (Faila 1994; Bartenschlager 1995; Lin
1995; Tanji 1995; Tomei 1996). Moreover, this small protein is involved in the target-
ing of NS3 to the endoplasmic reticulum resulting in a significant increase of NS3
stability (Wolk 2000).

NS4B. The NS4B (p27) consists of 217 amino acids. It is an integral membrane
protein localized in the endoplasmic reticulum. The N-terminal domain of the NS4B
has an amphipathic character that targets the protein to the ER. This domain is crucial
in HCV replication (Elazar 2004; Gretton 2005) and therefore an interesting target
for the development of anti-HCV therapeutics or vaccines. In addition, a nucleotide-
binding motif (aa 129-134) has been identified (Einav 2004). Although the function of
NS4B is still unknown, it has been demonstrated that the protein induces a membra-
nous web that may serve as a platform for HCV RNA replication (Egger 2002).

NS5A. The NS5A protein (p56; 458 aa) is a membrane-associated phosphoprotein

that appears to have multiple functions in viral replication. It is phosphorylated by dif-
ferent cellular protein kinases indicating an essential but still not understood role of
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NS5A in the HCV replication cycle. In addition, NS5A has been found to be associated
with several other cellular proteins (MacDonald 2004) making it difficult to determine
the exact functions of the protein. One important property of NS5A is that it contains a
domain of 40 amino acids, the so-called IFN-a sensitivity-determining region (ISDR),
that plays a significant role in the response to IFN-a-based therapy (Enomoto 1995;
Enomoto 1996). An increasing number of mutations within the ISDR showed positive
correlation with sustained virological response to IFN-o-based treatment.

NS5B. The non-structural protein 5B (p66; 591 aa) represents the RNA-dependent
RNA polymerase of HCV (Behrens 1996). The hydrophobic domain (21 aa) at the C
terminus of NS5B inserts into the membrane of the endoplasmic reticulum, while the
active sites of the polymerase are located in the cytoplasm (Schmidt-Mende 2001).

The cytosolic domains of the viral enzyme form the typical polymerase right-hand-
ed structure with “palm”, “fingers”, and “thumb” subdomains (Ago 1999; Bressanelli
1999; Lesburg 1999). In contrast to mammalian DNA and RNA polymerases the fin-
gers and thumb subdomains are connected resulting in a fully enclosed active site for
nucleotide triphosphate binding. This unique structure makes the HCV NS5B poly-
merase an attractive target for the development of antiviral drugs.

Using the genomic HCV RNA as a template, the NS5B promotes the synthesis of
minus-stranded RNA that then serves as a template for the synthesis of genomic pos-
itive-stranded RNA by the polymerase.

Similar to other RNA-dependent polymerases, NS5B is an error-prone enzyme that
incorporates wrong ribonucleotides at a rate of approximately 10-3 per nucleotide per
generation. Unlike cellular polymerases, the viral NS5B lacks a proof-reading mecha-
nism leading to the conservation of misincorporated ribonucleotides. These enzyme
properties together with the high rate of viral replication promote a pronounced intra-
patient as well as inter-patient HCV evolution.

F protein, ARFP. In addition to the ten proteins derived from the long HCV OREF,
the F (frameshift) or ARF (alternate reading frame) or core+1 protein has been re-
ported (Walewski 2001; Xu 2001; Varaklioti 2002). As the designations indicate the
ARFP is the result of a -2/+1 ribosomal frameshift between codons 8 and 11 of the
core protein-encoding region. The ARFP length varies from 126 to 161 amino acids
depending on the corresponding genotype. In vitro studies have shown that ARFP is a
short-lived protein located in the cytoplasm (Roussel 2003) primarily associated with
the endoplasmic reticulum (Xu 2003). Detection of anti-F protein antibodies in the se-
rum of HCV-positive subjects indicates that the protein is expressed during infection
in vivo (Walewski 2001; Komurian-Pradel 2004). However, the functions of ARFP in
the viral life cycle are still unknown and remain to be elucidated.

Viral lifecycle

Due to the absence of a small animal model system and efficient in vitro HCV replica-
tion systems it has been difficult to investigate the viral life cycle of HCV. The recent
development of such systems has offered the opportunity to analyse in detail the dif-
ferent steps of viral replication.
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Figure 2. Current model of the HCV lifecycle.

Designations of cellular components are in itallics. For a detailed illustration of viral translation
and RNA replication, see Pawlotsky 2007. HCV +ssRNA, single stranded genomic HCV RNA
with positive polarity; rough ER, rough endoplasmic reticulum; PM, plasma membrane. For
other abbreviations see text.

Adsorption and viral entry

The most likely candidate as receptor for HCV is the tetraspanin CD81 (Pileri 1998).
CD8l is a ubiquitous 25 kd molecule expressed on the surface of a large variety of cells
including hepatocytes and PBMCs. Experimental binding of anti-CD81 antibodies to
CD81 were reported to inhibit HCV entry into Huh7 cells and primary human hepatocytes
(Hsu 2003; Bartosch 2003a; Cormier 2004; McKeating 2004; Zhang 2004; Lindenbach
2005; Wakita 2005). Moreover, gene silencing of CD81 using specific siRNA molecules
confirmed the relevance of CDS81 in viral entry (Bartosch 2003b; Cormier 2004; Zhang
2004; Akazawa 2007). Finally, expression of CD81 in cell lines lacking CD81 made
them permissive for HCV entry (Zhang 2004; Lavillette 2005; Akazawa 2007). However,
more recent studies have shown that CD81 alone is not sufficient for HCV viral entry and
that co-factors such as scavenger receptor B type I (SR-BI) are needed (Bartosch 2003b;
Hsu 2003; Scarselli 2002, Kapadia 2007). Moreover, it appears that CD81 is involved
in a post-HCV binding step (Cormier 2004; Koutsoudakis 2006; Bertaud 2006). These
findings together with the identification of other host factors involved in HCV cell entry
generate the current model for the early steps of HCV infection (Helle 2008).
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Adsorption of HCV to its target cell is the first step of viral entry. Binding is pos-
sibly initiated by the interaction of the HCV E2 envelope glycoprotein and the gly-
cosaminglycan heparan sulfate on the surface of host cells (Germi 2002; Barth 2003;
Basu 2004; Heo 2004). Moreover, it is assumed that HCV initiates hepatocyte in-
fection via LDL receptor binding (Agnello 1999; Monazahian 1999; Wiinschmann
2000; Nahmias 2006; Molina 2007). This process may be mediated by VLDL or LDL,
reported to be associated with HCV virions in human sera (Bradley 1991; Thoms-
sen 1992; Thomssen 1993). After initial binding the HCV E2 glycoprotein interacts
with the SR-BI in cell culture (Scarselli 2002). SR-BI is a protein expressed on the
surface of the majority of mammalian cells. It acts as a receptor for LDL as well as
HDL (Acton 1994; Acton 1996) emphasizing the role of these compounds for HCV
infectivity. Alternative splicing of the SR-BI transcript leads to the expression of a
second isoform of the receptor SR-BII (Webb 1998), which also may be involved in
HCYV entry into target cells (Grove 2007). As is the case for all steps of viral entry the
exact mechanism of the HCVE2/SR-BI interaction remains unknown. In some studies
it has been reported that HCV binding to SR-BI is a prerequisite for the concomitant
or subsequent interaction of the virus with CD81 (Kapadia 2007; Zeisel 2007). The
multi-step procedure of HCV cell entry was shown to be even more complex since a
cellular factor termed claudin-1 (CLDN1) has been newly identified as involved in this
process (Evans 2007). CLDNI is an integral membrane protein that forms a backbone
of tight junctions and is highly expressed in the liver (Furuse 1998). Inhibition assays
reveal that CLDNI involvement occurs downstream of the HCV-CDS81 interaction
(Evans 2007). Recent findings suggest that CLDN1 could also act as a compound en-
abling cell-to-cell transfer of hepatitis C virus independently of CD81 (Timpe 2007).
Furthermore, it was reported that two other members of the claudin family claudin-6
and claudin-9 may play a role in HCV infection (Zheng 2007; Meertens 2008).

After the complex procedure of binding to the different host membrane factors HCV
enters the cell in a pH-dependent manner indicating that the virus is internalized via
clathrin-mediated endocytosis (Bartosch 2003b; Hsu 2003; Blanchard 2006; Codran
20006). The acidic environment within the endosomes is assumed to trigger HCV E1-
E2 glycoprotein-mediated fusion of the viral envelope with the endosome membrane
(Blanchard 2006; Meertens 2006, Lavillette 2007).

In summary, HCV adsorption and viral entry into the target cell is a very complex
procedure that is not yet fully understood. Despite having identified several host fac-
tors that probably interact with the viral glycoproteins the precise mechanisms of
interaction need to continue to be investigated. The fact that some human cell lines
are not susceptible to HCV infection despite expressing SR-BI, CD81, and CLDN1
indicates that other cellular factors are involved in viral entry (Evans 2007). Very
recently, a cellular four transmembrane domain protein named occludin (OCLN) was
identified to represent an additional cellular factor essential for the susceptibility of
cells to HCV infection (Ploss 2009). Similar to claudin-1 OCLN is a component of the
tight junctions in hepatocytes. All tested cells expressing SR-BI, CD81, CLDN]1, and
OCLN were susceptible to HCV. Although the precise mechanism of HCV uptake in
hepatocytes is still not clarified, these four proteins may represent the complete set of
host cell factors necessary for cell-free HCV entry.
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Besides the infection of cells through cell-free HCV it has been documented that
HCV can also spread via cell-to-cell transmission (Valli 2006; Valli 2007). This trans-
mission path may differ significantly with regard to the cellular factors needed for
HCYV entry into cells. CD81 is dispensable for cell-to-cell transmission in cultivated
hepatoma cells (Witteveldt 2009). These findings require further investigation in order
to analyze the process of cell-to-cell transmission of HCV both in vitro and in vivo.
Antiviral treatment strategies must account for the cellular pathways of both cell-free
virus and HCV transmitted via cell-to-cell contact.

Translation and posttranslational processes.

As a result of the fusion of the viral envelope and the endosomic membrane, the ge-
nomic HCV RNA is released into the cytoplasm of the cell. As described above, the
viral genomic RNA possesses a nontranslated region (NTR) at each terminus. The
5’NTR consists of four distinct domains, I-IV. Domains II-IV form an internal ribo-
some entry side (IRES) involved in ribosome-binding and subsequent cap-independent
initiation of translation (Fukushi 1994; Honda 1999; Tsukiyama-Kohara 1992; Wang
1993). The HCV-IRES binds to the 40S ribosomal subunit complexed with eukaryotic
initiation factors 2 and 3 (elF2 and elF3), GTP, and the initiator tRNA resulting in the
48S preinitiation complex (Spahn 2001; Otto 2002; Sizova 1998; reviewed in Hellen
1999). Subsequently, the 60S ribosomal subunit associates with that complex leading
to the formation of the translational active complex for HCV polyprotein synthesis at
the endoplasmic reticulum. HCV RNA contains a large ORF encoding a polyprotein
precursor. Posttranslational cleavages lead to 10 functional viral proteins Core, E1,
E2, p7, NS2-NS5B. The viral F protein (or ARF protein) originates from a ribosomal
frameshift within the first codons of the core-encoding genome region (Walewski
2001; Xu 2001; Varaklioti 2002). Besides several other cellular factors that have been
reported to be involved in HCV RNA translation, various viral proteins and genome
regions have been shown to enhance or inhibit viral protein synthesis (Zhang 2002;
Kato 2002; Wang 2005; Kou 2006; Bradrick 2006; Song 2006).

The precursor polyprotein is processed by at least four distinct peptidases. The cel-
lular signal peptidase (SP) cleaves the N-terminal viral proteins immature core pro-
tein, E1, E2, and p7 (Hijikata 1991), while the cellular signal peptide peptidase (SPP)
is responsible for the cleavage of the E1 signal sequence from the C-terminus of the
immature core protein, resulting in the mature form of the core (McLauchlan 2002).
The E1 and E2 proteins remain within the lumen of the ER where they are subsequent-
ly N-glycosylated with E1 having 5 and E2 harbouring 11 putative N-glycosylation
sites (Duvet 2002).

In addition to the two cellular peptidases HCV encodes two viral enzymes respon-
sible for cleavage of the non-structural proteins NS2 to NS5B within the HCV poly-
protein precursor. The zinc-dependent NS2-NS3 cysteine protease consisting of the
NS2 protein and the N-terminal portion of NS3 autocatalytically cleaves the junction
between NS2 and NS3 (Santolini 1995), whereas the NS3 serine protease cleaves the
remaining functional proteins (Bartenschlager 1993; Eckart 1993; Grakoui 1993a;
Tomei 1993). However, for its peptidase activity NS3 needs NS4A as a cofactor (Fail-
la 1994; Tanji 1995; Bartenschlager 1995; Lin 1995; Tomei 1996).

7



Hepatology - A clinical textbook

HCV RNA replication

The complex process of HCV RNA replication is poorly understood. The key enzyme
for viral RNA replication is NS5B, an RNA-dependent RNA polymerase (RdRp) of
HCV (Behrens 1996). In addition, several cellular as well as viral factors have been
reported to be part of the HCV RNA replication complex. One important viral fac-
tor for the formation of the replication complex appears to be NS4B which is able to
induce an ER-derived membranous web containing most of the non-structural HCV
proteins including NS5B (Egger 2002). This web could serve as the platform for the
next steps of viral RNA replication. The RdRp uses the previously released genom-
ic positive-stranded HCV RNA as a template for the synthesis of an intermediate
minus-stranded RNA. Recently it has been reported that the cellular peptidyl-prolyl
isomerases cyclophilin A, B and C (Cyp A, Cyp B, and Cyp C) could stimulate bind-
ing of the RdRp to the viral RNA resulting in increased HCV RNA synthesis (Watashi
2005; Nakagawa 2005; Yang 2008; Heck 2009). However, these reports are in part
inconsistent and further studies are needed in order to investigate the involvement of
cyclophilins in HCV RNA replication.

After the viral polymerase has bound to its template the NS3 helicase is assumed to
unwind putative secondary structures of the template RNA in order to facilitate the
synthesis of minus-strand RNA (Jin 1995; Kim 1995). In turn, again with the assis-
tance of the NS3 helicase, the newly synthesized antisense RNA molecule serves as
the template for the synthesis of numerous plus-stranded RNA. The resulting sense
RNA may be used subsequently as genomic RNA for HCV progeny as well as for
polyprotein translation.

Assembly and release

After the viral proteins, glycoproteins, and the genomic HCV RNA have been synthesized
these single components have to be arranged in order to produce infectious virions. As is
the case for all other steps in the HCV lifecycle viral assembly is a multi-step procedure
involving most viral components along with many cellular factors. Investigation of viral
assembly and particle release is still in its infancy since the development of i vitro mod-
els for the production and release of infectious HCV occurred only recently. Previously,
it was reported that core protein molecules were able to self-assemble in vitro, yielding
nucleocapsid-like particles. Very recent findings suggest that viral assembly takes place
within the endoplasmic reticulum (Gastaminza 2008) and that lipid droplets (LD) are in-
volved in particle formation (Moradpour 1996; Barba 1997; Miyanari 2007; Shavinskaya
2007; Appel 2008). It appears that LD-associated core protein targets viral non-structural
proteins and the HCV RNA replication complex including positive and negative stranded
RNA from the endoplasmic reticulum to the LD (Miyanari 2007). Beside the core pro-
tein, LD-associated NS5A seems to play a key role in the formation of infectious viral
particles (Appel 2008). Moreover, E2 molecules are detected in close proximity to LD-
associated membranes. Finally, spherical virus-like particles associated with membranes
can be seen very close to the LD. Using specific antibodies the virus-like particles were
shown to contain core protein as well as E2 glycoprotein molecules indicating that these
structures may represent infectious HCV (Miyanari 2007). However, the precise mecha-
nisms for the formation and release of infectious HCV particles are still unknown.
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Model systems for HCV research

For a long time HCV research was limited due to a lack of small animal models
and efficient cell culture systems. The development of the first HCV replicon system
(HCV RNA molecule, or region of HCV RNA, that replicates autonomously from a
single origin of replication) 10 years after the identification of the hepatitis C virus
offered the opportunity to investigate the molecular biology of HCV infection in a
standardized manner (Lohmann 1999).

HCY replicon systems. Using total RNA derived from the explanted liver of an indi-
vidual chronically infected with HCV genotype 1b, the entire HCV ORF sequence was
amplified and cloned in two overlapping fragments. The flanking NTRs were amplified
and cloned separately and all fragments were assembled into a modified full-length se-
quence. Transfection experiments with in vitro transcripts derived from the full-length
clones failed to yield viral replication. For this reason, two different subgenomic replicons
consisting of the 5’ IRES, the neomycin phosphotransferase gene causing resistance to
the antibiotic neomycin, the IRES derived from the encephalomyocarditis virus (EMCV)
and the NS2-3’ NTR or NS3-3’ NTR sequence, respectively, were generated (Figure 3).

A)
5NTR FNTR
—(c‘m‘ E2 ‘ !st ‘ NS3 ‘ ‘ NS4B I NS5A ‘ NS5B
p7 NS4A
B)
el 3NTR
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Figure 3. Structure of subgenomic HCV replicons (Lohmann 1999).

This figure illustrates the genetic information of in vitro transcripts used for Huh-7 transfection.
A) Full-length transcript derived from the explanted liver of a chronically infected subject.

B) Subgenomic replicon lacking the structural genes and the sequence encoding p7. C)
Subgenomic replicon lacking C, E1, E2, p7, and NS2 genes. neo, neomycin phosphotransferase
gene; E-l, IRES of the encephalomyocarditis virus (EMCV).

In vitro transcripts derived from these constructs lacking the genome region coding
for the structural HCV proteins were used to transfect the hepatoma cell line Huh7
(Lohmann 1999). The transcripts are bicistronic, i.e., the first cistron containing the
HCV IRES enables the translation of the neomycin phosphotransferase as a tool for
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efficient selection of successfully transfected cells and the second cistron containing
the EMCV IRES directs translation of the HCV-specific proteins. Only some Huh7
clones can replicate replicon-specific RNA in titres of approximately 10® positive-
stranded RNA copies per microgram total RNA. Moreover, all encoded HCV pro-
teins are detected predominantly in the cytoplasm of the transfected Huh7 cells.
The development of this replicon is a milestone in HCV research with regard to the
investigation of HCV RNA replication and HCV protein analyses.

More recently, the methodology has been improved in order to achieve signifi-
cantly higher replication efficiency. Enhancement of HCV RNA replication was
achieved by the use of replicons harbouring cell culture-adapted point mutations
or deletions within the NS genes (Blight 2000; Lohmann 2001; Krieger 2001).
Further development has led to the generation of selectable full-length HCV repli-
cons, i.e., genomic replicons that also contain genetic information for the structural
proteins Core, E1l, and E2 (Pietschmann 2002; Blight 2002). This improvement
offered the opportunity of investigating the influence of the structural proteins on
HCYV replication. Thus it has been possible to analyse the intracellular localisation
of these proteins. However, using this methodology viral assembly and release has
not been achieved.

Another important milestone was reached when a subgenomic replicon based on
the HCV genotype 2a strain JFH-1 was generated (Kato 2003). This viral strain
derived from a Japanese subject with fulminant hepatitis C (Kato 2001). The corre-
sponding replicons showed higher RNA replication efficiency than previous repli-
cons. Moreover, cell lines distinct from Huh7, such as HepG2 or HeLa were trans-
fected efficiently with transcripts derived from the JFH-1 replicon (Date 2004;
Kato 2005).

HCYV pseudotype virus particles (HCVpp). The generation of retroviral pseudo-
types bearing HCV E1 and E2 glycoproteins (HCVpp) offers the opportunity to
investigate E1-E2-dependent HCVpp entry into Huh7 cells and primary human he-
patocytes (Bartosch 2003a; Hsu 2003; Zhang 2004). In contrast to the HCV repli-
cons where cells were transfected with HCV-specific synthetic RNA molecules, this
method allows a detailed analysis of the early steps in the HCV life cycle, e.g.,
adsorption and viral entry.

Infectious HCV particles in cell culture (HCVcc). Transfection of Huh7 and
“cured” Huh7.5 cells with full-length JFH-1 replicons led for the first time to the
production of infectious HCV virions (Zhong 2005; Wakita 2005). The construction
of a chimera with the core NS2 region derived from HCV strain J6 (genotype 2a)
and the remaining sequence derived from JFH-1 improved infectivity. Importantly,
the secreted viral particles are infectious in cell culture (HCVcc) (Wakita 2005;
Zhong 2005; Lindenbach 2005) as well as in chimeric mice with human liver grafts
as well as in chimpanzees (Lindenbach 2006).

In addition, an alternative strategy for the production of infectious HCV particles
was developed (Heller 2005). A full-length HCV construct (genotype 1b) was placed
between two ribozymes in a plasmid containing a tetracycline-responsive promoter.
Huh7 cells were transfected with those plasmids, resulting in efficient viral replica-
tion with HCV RNA titres of up to 107 copies/ml cell culture supernatant.
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The development of cell culture systems that allow the production of infectious
HCYV represents a breakthrough for HCV research and it is now possible to investi-
gate the whole viral life cycle from viral adsorption to virion release. These studies
will help to better understand the mechanisms of HCV pathogenesis and they should
significantly accelerate the development of HCV-specific antiviral compounds.
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Chapter 7: Prophylaxis and vaccination of
viral hepatitis

Heiner Wedemeyer

Introduction

Understanding the biology and modes of transmission of hepatitis viruses has signifi-
cantly improved over the last decades. Fortunately, the incidence of hepatitis virus in-
fections has significantly decreased in most areas around the world. Still, prophylactic
vaccines are only available against HAV and HBV. Although an enormous amount of
basic and clinical research has been performed to develop a vaccine against hepatitis
C, it is very unlikely that a prophylactic or therapeutic HCV vaccine will be licensed
within the next 5-7 years. A first phase II vaccine trial against hepatitis E has been
successful; nevertheless, the completion of this vaccine development will not be in
the near future. Prophylaxis for HCV, HDV (for HBV-infected patients) and HEV
therefore must happen by avoiding all possible routes of exposure to the respective
hepatitis viruses discussed in detail in Chapters 1-4.

Prophylaxis of hepatitis viruses
Hepatitis A and E

The hepatitis A and E viruses are usually transmitted by oral ingestion of contami-
nated food or water. Thus, particular caution is warranted when individuals from low
endemic areas such as Western Europe and the USA travel to countries with a high
prevalence of HAV and HEV infections. We must remember that hepatitis E can also
be a zoonosis. A recent German case-control study identified 32% of all reported HEV
infections as being autochthonous infections, meaning not associated with travelling
to endemic countries (Wichmann 2008). In these patients consumption of offal and
wild boar meat is independently associated with HEV infection. This may have sig-
nificant implications for immunosuppressed patients as cases of chronic hepatitis E
with the development of advanced fibrosis have been described in patients after organ
transplantation (Kamar 2008). HEV has frequently been detected in the meat of pigs;
Danish farmers show a higher prevalence of HEV antibodies. Importantly, zoonotic
HEYV infection is usually caused by HEV genotype 3 while HEV genotype 1 can
be found in travelling-associated hepatitis E. HAV and HEV are also transmitted by
blood transfusion although cases are extremely rare.

Hepatitis B and D

HBYV and HDV were transmitted frequently by blood transfusion before HBsAg test-
ing of all blood products was introduced in the 1970s. Since then, vertical transmission
and sexual exposure have become the most frequent routes of HBV infection. Medi-
cal procedures still represent a potential source for HBV transmissions and thus strict
and careful application of standard hygienic precautions for all medical interventions
are absolutely mandatory not only in endemic areas but also in Western countries. This
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holds true in particular for immunocompromised individuals who are highly susceptible
to HBV infection as HBV is characterized by a very high infectivity (Wedemeyer 1998).
Moreover, immunosuppressed patients are at risk for reactivation of occult HBV infec-
tion after serological recovery from hepatitis B. Treatments with high doses of steroids
and rituximab have especially been identified as major risk factors for HBV reactivation
(Lalazar 2007). After a new diagnosis of HBV infection, all family members of the pa-
tient need to be tested for their immune status against HBV. Immediate active vaccination
is recommended for all anti-HBc-negative contact persons. HBsAg-positive individuals
should use condoms during sexual intercourse if it is not known if the partner has been
vaccinated.

Hepatitis C

Less than 1% of individuals who are exposed to HCV by an injury via contaminated
needles develop acute HCV infection. At Hannover Medical School, not a single HCV
seroconversion occurred after 166 occupational exposures with anti-HCV positive
blood in a period of 6 years (2000-2005). Earlier studies published in the mid-nineties
suggested higher rates of HCV transmission by needle stick injury. However, more
recent and larger studies have reported significantly lower rates of acute hepatitis C
after needle-stick injury. We recently performed a systematic review of the literature
identifying 22 studies with a total of 6,956 injuries with HCV contaminated needles.
Only 52 individuals (0.75%) became infected. The risk of acute HCV infection was
lower in Europe at 0.42% compared to Eastern Asia at 1.5% (Kubitschke 2007). Thus,
the risk of acquiring HCV infection after a needle-stick injury is lower than frequent-
ly reported. Worldwide differences in HCV seroconversion rates may suggest that
genetic factors may provide some level of natural resistance against HCV. Factors
associated with a higher risk of HCV transmission are likely to be the level of HCV
viremia in the index patient, the amount of transmitted fluid and the duration between
contamination of the respective needle and injury. Suggested follow-up procedures
after needle stick injury are shown in Figure 1.

Sexual intercourse with HCV-infected persons has clearly been identified as a risk
for HCV infection, as about 10-20% of patients with acute hepatitis C report this as
a potential risk factor (Table 1). However, there is also large evidence that the risk of
acquiring HCV sexually is extremely low in individuals with stable partnerships who
avoid injuries. Cohort studies including >500 HCV-infected patients followed over
periods of more than 4 years could not identify any cases of confirmed HCV transmis-
sion. Thus, guidelines generally do not recommend the use of condoms in monoga-
mous relationships. However, this statement does not hold true for HIV-positive ho-
mosexual men. Recently, several outbreaks of acute hepatitis C have been described
in this scenario (Fox 2008; Low 2008). Transmitted cases had more sexual partners,
increased levels of high-risk sexual behaviour (in particular, fisting) and were more
likely to have shared drugs via a nasal or anal route than controls (Turner 2006).

Due to the low HCV prevalence in most European countries and due to a relatively
low vertical transmission rate of 1-6%, general screening of pregnant women for
anti-HCV is not recommended. Interestingly, transmission may be higher for girls
than for boys (European Pediatric Hepatitis C Virus Network 2005). Transmission

84



Prophylaxis and vaccination of viral hepatitis

rates may be higher in HIV-infected women so pregnant women should be tested for
hepatitis C. Other factors possibly being associated with high transmission rates are
the level of HCV viremia, maternal intravenous drug use, and specific HLA types
of the children. Caesarean sections are not recommended for HCV RNA positive
mothers as there is no clear evidence that Caesarean sections reduce transmission
rates. Children of HCV-infected mothers should be tested for HCV RNA after 1
month as maternal anti-HCV antibodies can be detected for several months after
birth. Mothers with chronic hepatitis C can breast-feed their children as long as they
are HIV-negative and do not use intravenous drugs (European Pediatric Hepatitis C
Virus Network 2001).

The Spanish Acute HCV study group has recently identified hospital admission
as a significant risk factor for acquiring HCV infection in Spain (Martinez-Bauer
2008). The data are in line with other reports from Italy (Santantonio 2006) and
the USA (Corey 2006). We have recently reported data from the German Hep-Net
Acute HCV studies and found 38 cases (15% of the entire cohort) of acute HCV
patients who reported a medical procedure as the most likely risk factor for having
acquired HCV (Deterding 2008). The majority of those were hospital admissions
with surgery in 30 cases; other invasive procedures including dental treatment
were present in only 4 cases. Medical procedures were significantly more often
the probable cause of infection in patients older than 30 years of age (p=0.002)
but not associated with disease severity or time from exposure to onset of symp-
toms. Thus, medical treatment per se represents a significant risk factor for HCV
infection — even in developed countries. Strict adherence to universal precaution
guidelines is urgently warranted.

Vaccination against hepatitis A

The first active vaccine against HAV was licensed in 1995. The currently available
inactive vaccines are manufactured from cell culture-adapted HAV, grown either in
human fibroblasts or diploid cells (Nothdurft 2008). Two doses of the vaccine are
recommended. The second dose should be given between 6 and 18 months after the
first dose. All vaccines are highly immunogenic and basically all vaccinated healthy
persons develop protective anti-HAV antibodies. Similar vaccine responses are ob-
tained in children and adults and no relevant regional differences in response to HAV
vaccination have been observed. The weakest vaccine responses have been described
for young children receiving a 0, 1, 2 months schedule (Hammitt 2008). Patients with
chronic liver disease do respond to vaccination but may display lower anti-HAV titers
(Keeffe 1998). Since 1996 a combined vaccine against HAV and HBV is available that
needs to be administered three times, on a 0, 1, 6 months schedule. More than 80% of
healthy individuals have detectable HAV antibodies by day 21 applying an acceler-
ated vaccine schedule of 0, 7 and 21 days using the combined HAV/HBYV vaccine, and
all study subjects are immune against HAV by 2 months (Kallinowski 2003).

HAV vaccines are very well tolerated and no serious adverse events have been linked
with the administration of HAV vaccines (Nothdurft 2008). The vaccine can safely be
given together with other vaccines or immunoglobulins without compromising the
development of protective antibodies.
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Vaccination is recommended for different groups of individuals including non-im-
mune individuals who plan to travel to endemic countries, medical health profession-
als, homosexual men, persons in contact with hepatitis A patients, and individuals
with chronic liver diseases. Some studies have suggested that patients with chronic
hepatitis C have a higher risk to develop fulminant hepatitis A (Vento 1998), however
this finding has not been confirmed by several other investigators (Deterding 2006).
The implementation of childhood vaccination programs has led to a significant and
impressive declines of HAV infections in several countries, justifying further efforts
aiming to control the spread of HAV in endemic countries (Hendrickx 2008). It is
important to highlight that most studies have also shown that HAV vaccination is cost-
effective (Rein 2008; Hollinger 2007).

Recently, long-term follow-up studies after complete HAV vaccination have been pub-
lished. Interestingly, anti-HAV titers sharply decline during the first year after vaccination
but remain detectable in almost all individuals for at least 10 years after vaccination. Based
on these studies it was estimated that protective anti-HAV antibodies should persist for at
least 27 years after successful vaccination of children or young adults (Hammitt 2008).

Vaccination against hepatitis B
The hepatitis B vaccine is the first vaccine able to reduce the incidence of cancer.
In Taiwan, a significant decline in cases of childhood hepatocellular carcinoma
has been observed after the implementation of programs to vaccinate all infants
against HBV (Chang 1997). This landmark study impressively highlighted the
usefulness of universal vaccination against HBV in endemic countries. Contro-
versial discussions are ongoing regarding to what extent universal vaccination
against HBV may be cost-effective in low-endemic places such as the UK, the
Netherlands or Scandinavia (Zuckerman 2007). In 1992 the World Health Orga-
nization recommended general vaccination against hepatitis B everywhere. In the
long run, hepatitis B can be eradicated by worldwide implementation of this rec-
ommendation, because humans are the only epidemiologically relevant virus host.
164 countries have introduced a hepatitis B vaccine in their national infant immu-
nization schedules by the end of 2006 (www.who.int; accessed Nov 12th 2008).
The first plasma-derived hepatitis B vaccine was approved by the FDA in 1981. Re-
combinant vaccines consisting of HBsAg produced in yeast became available in 1986.
In the USA, two recombinant vaccines are licensed (Recombivax® and Engerix-B®)
while additional vaccines are used in other countries. The vaccines are administered
three times on a 0, 1, and 6 months schedule.

Who should be vaccinated? (The German Guidelines (Cornberg 2007))

*  Hepatitis B high-risk persons working in health care settings including trainees,
students, cleaning personnel;

*  Personnel in psychiatric facilities or comparable welfare institutions for cere-
brally damaged or disturbed patients; other persons who are at risk because of
blood contact with possibly infected persons dependent on the risk evaluation,
e.g., persons giving first aid professionally or voluntarily, employees of ambu-
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lance services, police officers, social workers, and prison staff who have contact
with drug-dependent people;

«  Patients with chronic kidney disease, dialysis patients, patients with frequent
blood or blood component transfusions (e.g., hemophiliacs), patients prior to
extensive surgery (e.g., before operations using heart-lung machine. The ur-
gency of the operation and the patient’s wish for vaccination protection are of
primary importance);

*  Persons with chronic liver disease including chronic diseases with liver involve-
ment as well as HIV-positive persons without HBV markers;

*  Persons at risk of contact with HBsAg carriers in the family or shared housing,
sexual partners of HBsAg carriers;

»  Patients in psychiatric facilities or residents of comparable welfare institutions
for cerebrally damaged or disturbed persons as well as persons in sheltered
workshops;

*  Special high-risk groups, e.g., homosexually active men, regular drug users, sex
workers, prisoners serving extended sentences;

*  Persons at risk of contacting HBsAg carriers in facilities (kindergarten, chil-
dren’s homes, nursing homes, school classes, day care groups);

»  Persons travelling to regions with high hepatitis B prevalence for an extended
period of time or with expected close contact with the local population;

*  Persons who have been injured by possibly contaminated items, e.g., needle
puncture (see post-exposition prophylaxis);

* Infants of HbsAg-positive mothers or of mothers with unknown HBsAg status
(independent of weight at birth) (see post-exposition prophylaxis).

Routine testing for previous contact with hepatitis B is not necessary before vac-
cination unless the person belongs to a risk group and may have acquired hepatitis
B before. Pre-vaccine testing is usually not cost-effective in populations with anti-
HBc prevalence below 20%. Vaccination of an HBsAg-positive individual can be
performed without any danger — however, it is ineffective.

Efficacy of vaccination against hepatitis B

A response to HBV vaccination is determined by the development of anti-HBs an-
tibodies which is detectable in 90-95% of individuals one month after a complete
vaccination schedule (Wedemeyer 2007; Coates 2001). Responses are lower in
elderly people and much weaker in immunocompromised persons such as organ
transplant recipients, patients receiving haemodialysis and HIV-infected individu-
als. In case of vaccine non-response, another three courses of vaccine should be
administered and the dose of the vaccine should be increased. Other possibilities
to increase the immunogenicity of HBV vaccines include intrader-mal application
and co-administration of adjuvants and cytokines (Cornberg 2007). The response
to vaccination should be controlled in high-risk individuals such as medical health
professionals and immune-compromised persons. Some guidelines also recommend
to test elderly persons after vaccinations as vaccine response does decline more
rapidly in the elderly (Wolters 2003).
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Post-exposure prophylaxis

Non-immune persons who have been in contact with HBV-contaminated materials (e.g.,
needles) or who have had sexual intercourse with an HBV-infected person should un-
dergo active-passive immunization (active immunization plus hepatitis B immunoglob-
ulin) as soon as possible — preferentially within the first 48 hours of exposure to HBV.
Individuals previously vaccinated but who have an anti-HBs titer of <10 IU/L should
also be vaccinated both actively and passively. No action is required if an anti-HBs titer
of >100 IU/1 is documented; active vaccination alone is sufficient for persons with inter-
mediate anti-HBs titers between 10 and 100 IU/L (Cornberg 2007).

Safety of HBV vaccines

Several hundred million individuals have been vaccinated against hepatitis B. The
vaccine is very well tolerated. Injection site reactions in the first 1-3 days and mild
general reactions are common, although they are usually not long lasting. Whether
there is a causal relationship between the vaccination and the seldomly-observed neu-
rological disorders occurring around the time of vaccination is not clear. In the major-
ity of these case reports the concomitant events most likely occurred coincidentally
and are independent and not causally related. That hepatitis B vaccination causes and
induces acute episodes of multiple sclerosis or other demyelating diseases is repeat-
edly discussed (Geier 2001; Hernan 2004; Girard 2005). However, there are no sci-
entific facts proving such a relationship. Numerous studies have not been able to find
a causal relationship between the postulated disease and the vaccination (Sadovnick
2000; Monteyne 2000; Ascherio 2001; Confavreux 2001; Institute of Medicine Re-
port 2002; CDC 2004; Schattner 2005).

What is the long-term immunogenicity

of the hepatitis B vaccination?

Several studies have been published in recent years investigating the long-term ef-
ficacy of HBV vaccination. After 10-15 years, between one third and two thirds of
vaccinated individuals have completely lost anti-HBs antibodies and only a minority
maintain titers of >100 IU/L. However, in low/intermediate endemic countries such
as Italy, this loss in protective humoral immunity did not lead to many cases of acute
or even chronic HBV infection (Zanetti 2005). To what extent memory B- and T-cell
responses contribute to a relative protection against HBV in the absence of anti-HBs
remains to be determined. Nevertheless, in high-endemic countries such as Gambia
a significant proportion of infants develop anti-HBc indicating active HBV infection
(18%) and some children develop chronic hepatitis B (van der Sande 2007). Thus, per-
sons at risk should receive booster immunization if HBs antibodies have been lost.

Prevention of vertical HBV transmission

Infants of HBsAg positive mothers should be immunized actively and passively within
12 hours of birth. This is very important as the vertical HBV transmission rate can be
reduced from 95% to <5% (Ranger-Rogez 2004). Mothers with very high HBV vire-
mia, of >50 million [U/ml, should receive in addition antiviral therapy with a potent
HBYV polymerase inhibitor (European Association For The Study Of The Liver 2008).
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If active/passive immunization has been performed, there is no need to recommend
Caesarean sec-tion. Mothers of vaccinated infants can breast feed unless oral antiviral
medications are being taken by the mother, which can be detected in the breast milk.

Vaccination against hepatitis C

No prophylactic or therapeutic vaccine against hepatitis C is available. As re-infec-
tions after spontaneous or treatment-induced recovery from hepatitis C virus infection
have frequently been reported, the aim of a vaccine will very likely be not to prevent
completely an infection with HCV but rather to modulate immune responses in such a
way that the frequency of evolution to a chronic state can be reduced.

HCV specific T-cell responses play an important role in the natural course of HCV
infection. The adaptive T-cell response is mediated both by CD4+ helper T-cells and
CD8+ killer T-cells. Several groups have con-sistently found an association between
a strong, multispecific and maintained HCV-specific CD4+ and CD8+ T-cell response
and the resolution of acute HCV infection. While CD4+ T-cells seem to be present for
several years after recovery, there are conflicting data whether HCV-specific CD8+
T-cells responses persist or decline over time. However, several studies have observed
durable HCV-specific T-cells in HCV-seronegative individuals who were exposed to
HCV by occupational exposure or as household members of HCV-positive partners,
but who never became HCV RNA positive. These observations suggest that HCV-
specific T-cells may be induced upon sub-clinical exposure and may contribute to pro-
tection against clinically apparent HCV infection. T-cell responses are usually much
weaker in chronic hepatitis C. The frequency of specific cells is low but also effector
function of HCV-specific T-cells is impaired. Different mechanisms are discussed as
being responsible for this impaired T-cell function, including higher frequen-cies of
regulatory T-cells (T-regs), altered dendritic cell activity, upregulation of the inhibi-
tory molecules PD-1 on T-cells and many others. HCV proteins can directly or indi-
rectly contribute to altered functions of different immune cells.

To what extent humoral immune responses against HCV contribute to spontaneous
clearance of acute hepatitis C is less clear. Higher levels of neutralizing antibodies
early during the infection are associated with viral clearance (Pestka 2007). However,
antibodies with neutralizing properties occur at high levels during chronic infection.
Yet, no completely sterilizing humoural anti-HCV immunity exists in the long-term
after recovery (Rehermann 2005).

Few phase I vaccine studies based either on vaccination with HCV peptides, HCV
proteins or recombinant vectors expressing HCV proteins have been completed.
HCV-specific T-cells or antibodies against HCV can be induced by these vaccines in
healthy individuals. However, it will be difficult to prove vaccine efficacy and vac-
cine effectiveness. Studies in chimpanzees have shown that it is very unlikely that a
vaccine will be completely protective against heterologous HCV infections. However,
a reasonable approach might be the development of a vaccine that does not confer
100% protection against acute infection but prevents progression of acute hepatitis
C to chronic infection. This approach has, however, to compete with antiviral treat-
ment of acute hepatitis C. It is very unlikely that a vaccine against hepatitis C will be
licensed within the next 5-7 years.
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Some studies regarding therapeutic vaccination have taken place (Wedemeyer
2006; Klade 2008). These studies show that induction of HCV-specific humoural
or cellular immune responses is possible even in chronically infected individuals.
However, so far neither therapeutic vaccination nor other immunomodulatory at-
tempts such as treatment with cytokines (interferon gamma; IL-2; IL-10; IL-12) or
toll-like receptor agonists have shown significant clinical benefits in patients with
chronic hepatitis C.

Vaccination against hepatitis E

A phase II vaccine trial performed in Nepal showed a vaccine efficacy of 95% for an
HEYV recombinant protein (Shrestha 2007). 2000 soldiers received three vaccines on
a 0, 1, 6 months schedule or placebo and subjects were followed for a median of 800
days. Except injection site reactions side effects were similar in both groups. Impor-
tantly, of the 69 subjects who developed hepatitis E, 66 were in the placebo group.
However, and unfortunately, no phase III study to complete the vaccine’s develop-
ment has yet started to our knowledge. Thus, no HEV vaccine will be available in the
next few years. Until then, preventive hygienic measures remain the only option to
avoid HEV infection.
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Chapter 8: Diagnostic tests in acute and
chronic hepatitis B
Oliver Schildgen

Introduction

Over the past three decades, laboratory diagnostics of viral infections have become
more and more influenced by molecular biology, the field of technology that has grown
fastest in this period of time. Classical serologic and virologic tests have advanced and
sometimes been replaced by novel detection methods that rely on genome amplifica-
tion procedures like PCR and NASBA.

Especially for the human hepatitis B virus this technological development has been
extremely important. As mentioned in an earlier chapter, in contrast to other viruses,
HBYV is extremely hard to cultivate as it does not replicate in any cell line used regularly
in diagnostic laboratories. Furthermore, earlier techniques were not sensitive enough to
detect even small amounts of virus in blood and blood products and consequently failed
to avoid unintentional transmission of virus from donors to blood product recipients.

Aims of diagnostics tests in the management
of HBV-infected patients

The first diagnosis of an HBV infection has to figure out whether the infection is
acute or chronic. Therefore, as standard procedure, the patient with HBV infection
diagnosed by clinical symptoms or elevated alanine aminotransferase (ALT) levels
needs to test positive for anti-hepatitis B core antigen (HBcAg) antibodies. HBcAg is
massively expressed in both acute and chronic infections and is a clear sign of HBV
infection. After a positive result for anti-HBcAg antibodies, antibodies reactant to
the surface antigen (HBsAg) are looked for. If found, this indicates that the patient is
cured from the infection or has been successfully vaccinated.

Based on these initial serologic diagnostics, further efforts to define the status of the
infection are made. An anti-HBcAg positive but anti-HBsAg negative patient may be
dealing with a chronic infection. In these cases a number of parameters should be investi-
gated, namely early antigen (HBeAg), anti-HBeAg, HBsAg, HBcAg, and finally, the vi-
ral load measured as genome equivalents per ml in serum. HBeAg is normally expressed
only in case of an acute and/or ongoing infection with active replication. Unfortunately,
so-called precore mutants exist that display active replication without expressing HBeAg,
still bearing a high risk for progression to hepatocellular carcinoma (HCC). It is worth
noting that HBeAg seroconversion occurs in up to 98% of people and that this is not a
marker for a cure of the infection, although it does act as a marker for healing.

To sum up, classical serological screenings, using the definitions for chronicity (see
Chapter 2), have to be initially performed to analyze the serological status of the HBV
infection before more expensive molecular methods are performed. These methods
are generally used for monitoring treatment efficacy and treatment compliance, to
identify resistant strains, and to identify precore mutant strains of HBV.
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Molecular assays in the diagnosis and
management of HBV

Utility of quantitative HBV DNA assays

Many scientific societies have published consensus papers and/or guidelines for the
management of chronically-infected HBV patients (EASL 2002; de Franchis 2003;
Keeffe 2006; Liaw 2005; Lok 2001; Lok 2004a; Lok 2004b). All of them recommend
an initial quantification of viral load and continuous measurements during follow-up
monitoring. Follow-up is considered important for deciding on initiation of treatment
or changes to the patient’s drug regimen. Furthermore, sensitive methods for quanti-
fication are needed for detection of even low viremia in patients infected with strains
bearing a high risk for development of hepatocellular carcinoma such as HBeAg neg-
ative strains.

One agreed-upon criterion for chronic HBV infection is a detectable viral load —
measured as viral DNA in serum or plasma — for a minimum of 6 months (de Fran-
chis 2003; Keeffe 2006; Liaw 2005; Lok 2001; Lok 2004a; Lok 2004b). In this case,
replication is considered to be active if >20,000 IU/ml or >100,000 copies/ml can be
detected. Also, in HBeAg-negative chronic hepatitis B virus infections, HBV DNA is
the only marker for viral replication that consequently needs to be monitored. A cutoff
limit of 2000 [U/ml differentiates active from inactive replication (Manesis 2003;
Zacharakis 2005).

Furthermore, qualitative and quantitative measurement of viral DNA is important
to monitor another condition, occult hepatitis. This, by definition, is characterized as
HBYV infection with measurecable DNA levels in the absence of detectable HBsAg.
Testing for occult hepatitis B virus infection is recommended if (a) cryptogenic liver
disease is observed, (b) prior to immunosuppression, and (c) in solid organ transplant
donors with positive HBV serology (HBcAg antibodies) (Conjeevaram 2001; Torben-
son 2004; Torbenson 2002). It is recommended that viral load should be measured ev-
ery 3-6 months (EASL 2002; de Franchis 2003; Liaw 2005), although the therapeutic
regimen may influence the decision on the interval lengths.

Furthermore, the measurement of viral load after starting therapy is a useful stan-
dard tool to help identify therapy non-responders (Schildgen 2004; Schildgen 2006;
Sirma 2007; Volz 2007). Non-response to therapy can be induced by host factors, viral
resistance, or non-compliance (reviewed by Tillman 2007). For quantification of the
HBYV viral load, several assays are commercially available, each having advantages
and disadvantages (reviewed by Valsamakis 2007).

Utility of HBV genotyping

Genotyping of the HBV genome can be useful. First, the viral genotype influences
the success of therapy, e.g., patients with an HBV genotype B infection have a better
chance for a more favorable outcome than those patients infected with genotype C.
Furthermore, genotype-specific response to drugs has also been observed for some
antiviral compounds (Chen 2004; Colombo 2003; Enomoto 2006; Erhardt 2005; Flink
2006; Fung 2004; Guettouche 2005; Kao 2002; Kao 2003; Kao 2000; Kobayashi
2002; Liu 2002; Peteres 2004; Sanchez-Tapias 2002; Zhang 1996).
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Second, genotyping is the simplest method for identification of resistance mutations
known to be associated with viral non-response to nucleoside and nucleotide ana-
logues. For those mutations that develop during treatment, genotyping is the method
of choice for orientation and subsequent phenotyping (Volz 2007; Sirma 2007; Schil-
dgen 2004; Schildgen 2006).

Third, genotyping plays an important role in the identification of infection chains
in a nosocomial setting or if transmission by blood donations or blood products has
occurred. Genotyping can be performed by in-house or commercial sequencing. PCR
followed by INNO-LiPA hybridization has recently been developed and covers newly
described mutations in the most recent product release (Hussain 2003; Hussain 2006;
Osiowy 2003; Osiowy 2006). INNO-LiPA has the major advantage in being able to
detect mixed infections as well.

Utility of antiviral resistance testing

With the introduction of more and more antiviral compounds into clinical practice
over the last decade the option for new and combination treatments of HBV infections
has increased greatly, and will continue to grow. As a side effect of the number of nov-
el antivirals the development of resistance mutations has also started to increase, and
it can only be assumed that the problem of antiviral resistance in HBV will become
as complicated as what is happening for HIV treatments. After a genotypic analyses
as mentioned above mutations already known can be identified and associated with
resistance. Major evidence for resistance is if such mutations, like the mutations in
the polymerase YMDD motif, evolve during ongoing therapy. The real question for
virologists is if none of the known mutations is observed at failure. In such cases it
has to be estimated how far other novel mutations not yet associated with resistance
or novel mutations may contribute to the therapy failure.

In that case, in vitro phenotyping procedures established in a rather small num-
ber of HBV laboratories need to be performed (see Chapter 10). Unfortunately,
known mutations can be detected by commercial methods whereas novel muta-
tions remain speculative and thus, undetected or underestimated. Most recently,
a project funded by the German Ministry for Education and Research that covers
the first systematic geno2pheno approach for HBV has started. The major aim is to
analyze clinical histories, corresponding genotypes, and the respective phenotypic
profiles of 200-500 people with chronic HBV with respect to their individual drug
regimens. By making use of a combined machine learning approach this project
will result in a novel diagnostic tool that is combined with a genotypic assay and
will rank the likelihood of success of a new drug or drug combination for a given
RT sequence.

Host-related treatment failure, i.e., non-response despite proven compliance com-
bined with a lack of resistance-associated mutations is an increasing problem in re-
sistance testing. This panorama may be due to mal-functioning host mechanisms (see
chapter 10) or to resistance mutations in the periphery of the postulated active site of
the RT polymerase. The latter can be solely investigated by full length sequencing of
a large number of clinical samples and subsequent phenotypic testing, until a crystal-
structure is available that allows credible molecular modeling.
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Utility of core promotor and precore mutation

detection assays

Today, the diagnosis of HBeAg-negative chronic hepatitis B virus infection is based
on the assessment of a combination of infection markers, namely positive HBsAg,
negative HBeAg, and detectable viral DNA, in concert with anti-HBeAg antibodies
and the evidence for liver injury measured by elevated liver enzymes or histopatho-
logical findings. Assays are commercially available in formats of PCR-+hybridization,
INNO-LiPA hybridization and sequencing, and the Affigene HBV mutant VL19 test
(Olivero 2006; Qutub 20006).

Conclusion and ways forward

The major challenge for HBV diagnostics in the future will be the increasing number
of mutations and the immune escape mutants, occult hepatitis and HBeAg-negative
chronic hepatitis. Novel tools like those already established for HIV that help in the
interpretation of laboratory results may help overcome these problems. However, the
main problem will remain, namely the costs that tend to explode with every newly
approved drug and the accompanying number of laboratory investigations that are es-
sential to avoid suboptimal treatments while trying to find the optimal drug regimen.

References

Chen JD, Liu CJ, Lee PH, Chen PJ, Lai MY, Kao JH, et al. Hepatitis B genotypes correlate with tumor re-
currence after curative resection of hepatocellular carcinoma. Clin Gastroenterol Hepatol. 2004
Jan;2(1):64-71.

Colombo M, Rumi MG, Ninno ED. Treatment of chronic hepatitis C in Europe. J Hepatobiliary Pancreat Surg.
2003;10(2):168-71.

Conjeevaram HS, Lok AS. Occult hepatitis B virus infection: a hidden menace? Hepatology. 2001
Jul;34(1):204-6.

de Franchis R, Hadengue A, Lau G, Lavanchy D, Lok A, Mcintyre N, et al. EASL International Consensus
Conference on Hepatitis B. 13-14 September, 2002 Geneva, Switzerland. Consensus statement (long
version). J Hepatol. 2003;39 Suppl 1:S3-25.

EASL International Consensus Conference on Hepatitis B. 13-14 September 2002: Geneva, Switzerland. Con-
sensus statement (short version). J Hepatol. 2003 Apr;38(4):533-40.

Enomoto M, Tamori A, Nishiguchi S. Hepatitis B virus genotypes and response to antiviral therapy. Clin Lab.
2006;52(1-2):43-7.

Erhardt A, Blondin D, Hauck K, Sagir A, Kohnle T, Heintges T, et al. Response to interferon alfa is hepatitis B
virus genotype dependent: genotype A is more sensitive to interferon than genotype D. Gut. 2005
Jul;54(7):1009-13.

Flink HJ, van Zonneveld M, Hansen BE, de Man RA, Schalm SW, Janssen HL. Treatment with Peg-interferon

alpha-2b for HBeAg-positive chronic hepatitis B: HBsAg loss is associated with HBV genotype. Am J
Gastroenterol. 2006 Feb;101(2):297-303.

Fung SK, Lok AS. Hepatitis B virus genotypes: do they play a role in the outcome of HBV infection? Hepatology.
2004 Oct;40(4):790-2.

Guettouche T, Hnatyszyn HJ. Chronic hepatitis B and viral genotype: the clinical significance of determining
HBV genotypes. Antivir Ther. 2005;10(5):593-604.

Hussain M, Chu CJ, Sablon E, Lok AS. Rapid and sensitive assays for determination of hepatitis B virus
(HBV) genotypes and detection of HBV precore and core promoter variants. J Clin Microbiol. 2003
Aug;41(8):3699-705.

Hussain M, Fung S, Libbrecht E, Sablon E, Cursaro C, Andreone P, et al. Sensitive line probe assay that simul-
taneously detects mutations conveying resistance to lamivudine and adefovir. J Clin Microbiol. 2006
Mar;44(3):1094-7.

98



Diagnostic tests in acute and chronic hepatitis B

Kao JH. Hepatitis B viral genotypes: clinical relevance and molecular characteristics. J Gastroenterol Hepatol.
2002 Jun;17(6):643-50.

Kao JH. Hepatitis B virus genotypes and hepatocellular carcinoma in Taiwan. Intervirology. 2003;46(6):400-7.

Kao JH, Wu NH, Chen PJ, Lai MY, Chen DS. Hepatitis B genotypes and the response to interferon therapy. J
Hepatol. 2000 Dec;33(6):998-1002.

Keeffe EB, Dieterich DT, Han SH, Jacobson IM, Martin P, Schiff ER, et al. A treatment algorithm for the manage-
ment of chronic hepatitis B virus infection in the United States: an update. Clin Gastroenterol Hepatol.
2006 Aug;4(8):936-62.

Kobayashi M, Arase Y, Ikeda K, Tsubota A, Suzuki Y, Saitoh S, et al. Viral genotypes and response to interferon
in patients with acute prolonged hepatitis B virus infection of adulthood in Japan. J Med Virol. 2002
Dec;68(4):522-8.

Liaw YF, Leung N, Guan R, Lau GK, Merican |, McCaughan G, et al. Asian-Pacific consensus statement on the
management of chronic hepatitis B: a 2005 update. Liver Int. 2005 Jun;25(3):472-89.

Liu CJ, Kao JH, Chen PJ, Lai MY, Chen DS. Molecular epidemiology of hepatitis B viral serotypes and geno-
types in taiwan. J Biomed Sci. 2002 Mar-Apr;9(2):166-70.

Lok AS, McMahon BJ. Chronic hepatitis B. Hepatology. 2001 Dec;34(6):1225-41.

Lok AS, McMahon BJ. [AASLD Practice Guidelines. Chronic hepatitis B: update of therapeutic guidelines]. Rom
J Gastroenterol. 2004 Jun;13(2):150-4. a

Lok AS, McMahon BJ. Chronic hepatitis B: update of recommendations. Hepatology. 2004 b Mar;39(3):857-61.

Manesis EK, Papatheodoridis GV, Sevastianos V, Cholongitas E, Papaioannou C, Hadziyannis SJ. Signifi-
cance of hepatitis B viremia levels determined by a quantitative polymerase chain reaction assay in
patients with hepatitis B e antigen-negative chronic hepatitis B virus infection. Am J Gastroenterol.
2003 Oct;98(10):2261-7.

Olivero A, Ciancio A, Abate ML, Gaia S, Smedile A, Rizzetto M. Performance of sequence analysis, INNO-LiPA
line probe assays and AFFIGENE assays in the detection of hepatitis B virus polymerase and precore/
core promoter mutations. J Viral Hepat. 2006 Jun;13(6):355-62.

Osiowy C, Giles E. Evaluation of the INNO-LiPA HBV genotyping assay for determination of hepatitis B virus
genotype. J Clin Microbiol. 2003 Dec;41(12):5473-7.

Osiowy C, Villeneuve JP, Heathcote EJ, Giles E, Borlang J. Detection of rtN236T and rtA181V/T mutations
associated with resistance to adefovir dipivoxil in samples from patients with chronic hepatitis
B virus infection by the INNO-LiPA HBV DR line probe assay (version 2). J Clin Microbiol. 2006
Jun;44(6):1994-7.

Peters MG, Hann Hw H, Martin P, Heathcote EJ, Buggisch P, Rubin R, et al. Adefovir dipivoxil alone or in com-
bination with lamivudine in patients with lamivudine-resistant chronic hepatitis B. Gastroenterology.
2004 Jan;126(1):91-101.

Qutub MO, Germer JJ, Rebers SP, Mandrekar JN, Beld MG, Yao JD. Simplified PCR protocols for INNO-LiPA
HBV Genotyping and INNO-LiPA HBV PreCore assays. J Clin Virol. 2006 Nov;37(3):218-21.

Sanchez-Tapias JM, Costa J, Mas A, Bruguera M, Rodes J. Influence of hepatitis B virus genotype on the long-
term outcome of chronic hepatitis B in western patients. Gastroenterology. 2002 Dec;123(6):1848-56.

Schildgen O, Sirma H, Funk A, Olotu C, Wend UC, Hartmann H, et al. Variant of hepatitis B virus with primary
resistance to adefovir. N Engl J Med. 2006 Apr 27;354(17):1807-12.

Schildgen O, Schewe CK, Vogel M, Daumer M, Kaiser R, Weitner L, et al. Successful therapy of hepatitis B
with tenofovir in HIV-infected patients failing previous adefovir and lamivudine treatment. Aids. 2004
Nov 19;18(17):2325-7.

Sirma H, Funk A, Gerlich W, Schildgen O. Does pre-treatment with lamivudine prime for adefovir resistance of
hepatitis B virus infection? J Antimicrob Chemother. 2007 Aug;60(2):448-9.

Tillmann HL. Antiviral therapy and resistance with hepatitis B virus infection. World J Gastroenterol. 2007 Jan
7;13(1):125-40.

Torbenson M, Kannangai R, Astemborski J, Strathdee SA, Vlahov D, Thomas DL. High prevalence of occult
hepatitis B in Baltimore injection drug users. Hepatology. 2004 Jan;39(1):51-7.

Torbenson M, Thomas DL. Occult hepatitis B. Lancet Infect Dis. 2002 Aug;2(8):479-86.

Valsamakis A. Molecular testing in the diagnosis and management of chronic h epatitis B. Clin Microbiol Rev.
2007 Jul;20(3):426-39, table of contents.

99



Hepatology - A clinical textbook

Volz S, Schildgen O, Muller A, Tillmann RL, Eis-Hubinger AM, Kupfer B, et al. [The human bocavirus: pathogen
in airway infections?]. Dtsch Med Wochenschr. 2007 Jul 5;132(28-29):1529-33.

Zacharakis GH, Koskinas J, Kotsiou S, Papoutselis M, Tzara F, Vafeiadis N, et al. Natural history of chronic
HBYV infection: a cohort study with up to 12 years follow-up in North Greece (part of the Interreg I-1l/
EC-project). J Med Virol. 2005 Oct;77(2):173-9.

Zhang X, Zoulim F, Habersetzer F, Xiong S, Trepo C. Analysis of hepatitis B virus genotypes and pre-core
region variability during interferon treatment of HBe antigen negative chronic hepatitis B. J Med Virol.
1996 Jan;48(1):8-16.



Chapter 9: Standard of care for hepatitis B
virus infection

Florian van Bémmel, Johannes Wiegand, Thomas Berg

Introduction

Despite the availability of a prophylactic vaccine, chronic hepatitis B virus (HBV) in-
fection remains a major global health concern with more than 350 million chronically
infected individuals worldwide (Lavanchy 2004). These people carry a significantly
increased risk of life-threatening complications such as hepatic decompensation, liver
cirrhosis and hepatocellular carcinoma (HCC) (Beasley 1988). Recent studies have
shown that the level of serum HBV DNA correlates with the risk of developing cirrho-
sis and HCC (Chen 2006; Iloeje 2006) (Figure 1). Suppressing the replication of HBV
to below detection is now a major goal in HBV treatment.

There are currently two classes of approved agents: antiviral nucleoside/nucleotide
analogues directly inhibiting HBV DNA replication and interferon a-based therapies
that may modulate the host immune response as well as viral replication.

The number of agents approved for the treatment of chronic HBV infection contin-
ues to climb. In Europe, there are seven drugs: standard interferon o-2a and o.-2b and
peg-interferon o.-2a, the nucleoside analogues lamivudine, telbivudine, and entecavir,
and the nucleotide analogues adefovir and tenofovir. Nucleos(t)ides such as emtricit-
abine, torcitabine, amdoxovir and alamifovir are currently in development.

Due to this significant expansion of therapeutic options progression of HBV infec-
tions and complications can be prevented if the infection is diagnosed early and ef-
fectively treated. The early diagnosis of chronic hepatitis B by HBsAg screening in
high-risk groups and in patients with elevated transaminases plays a crucial role in the
management of HBV infection.

Baseline HBV DNA in copies/mL (n=3.582) cumulative incidence  relative risk (95% Cl)
of liver cirrhosis
40 1 — 210® (n=602)
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Figure 1. Cumulative incidence of liver cirrhosis in untreated HBV-infected individuals within a
mean observation period of 11.4 years (REVEAL Study). The incidence of liver cirrhosis increases
over time depending on baseline HBV DNA levels (lloeje 2006).
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Goals of antiviral therapy

Treatment endpoints

The aim of chronic hepatitis B therapy is to reduce the complications of HBV infec-
tion such as liver failure and HCC and to increase survival (European Association for
the Study of the Liver 2009; Lok 2007; Lok 2009). To determine the success of anti-
viral therapy surrogate markers are used during and after treatment. These parameters
include virologic (HBeAg and HBsAg status, HBV DNA level) and patient-related
(aminotransferases, liver histology) criteria.

In two recent studies a close correlation between baseline HBV DNA levels and
progression of the disease was demonstrated. In the REVEAL study, 3774 untreated
HBV-infected individuals were followed over a mean time period of 11.4 years in
Taiwan (Chen 2006; Iloeje 2006). HBV DNA levels at baseline were the strongest
predictor of cirrhosis and HCC development (Figure 1). In multivariate models in
this study, the relative risk of cirrhosis increased when HBV DNA reached levels
greater than 300 copies/ml, independent of whether patients were HBeAg-negative
or HBeAg-positive. The relative risk for developing HCC was 1.4 in patients with
HBYV DNA levels of 300 to 1000 and increased to 2.4 in patients with 1000-10,000,
to 5.4 in patients with 10,000 to 100,000 and to 6.7 in patients with HBV DNA levels
>1 million copies/ml. In addition, individuals with HBV DNA levels >10* copies/ml
(or >2,000 IU/ml) were found to have a 3-15 fold greater incidence of liver cancer
as compared to those with a viral load <10* copies/ml. According to these results, a
meta-analysis covering 26 prospective studies revealed a statistically significant and
consistent correlation between viral load levels and histologic, biochemical, or sero-
logic surrogate markers (Mommeja-Marin 2003). It can therefore be concluded that
the complete and persistent suppression of HBV replication is a reliable endpoint for
the treatment of chronic HBV infection.

In HBeAg positive patients, seroconversion from HBeAg to anti-HBe was found
to be a reliable surrogate marker for prognosis of chronic HBV infection (Figure 2)
leading in many cases to an inactive HBsAg carrier state. In these patients, HBsAg
remains detectable but HBV replication continues at low or even undetectable levels
and transaminases are generally within normal ranges.

Long-term observations revealed, however, that HBeAg seroconversion can not al-
ways be taken as a guarantee for long-term remission. A reactivation of the disease
with “seroreversion” (i.e., HBeAg becoming positive again) as well as a transition
to HBeAg-negative chronic hepatitis B with increased (but often fluctuating) HBV
DNA levels can occur in up to 30% of patients (Hadziyannis 1995; Hadziyannis 2001;
Hadziyannis 2006). Therefore, HBeAg seroconversion should be regarded as a stable
treatment endpoint only in conjunction with durable and complete suppression of
HBYV replication.

In contrast, the endpoint of therapy for patients with HBeAg negative disease is
more difficult to assess. Long-term suppression of HBV replication and ALT normal-
ization are the only practical parameters of response to therapy. Once antiviral therapy
is stopped, durability of response is not guaranteed due to the fluctuating course of
HBeAg negative chronic hepatitis B.
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HBeAg positive HBeAg negative

seroconversion no
HBeAg-/anti-HBe+ seroconversion

4

discontinuation of
therapy 6-12 months continue therapy long-term therapy
after seroconversion

end of therapy with HBsAg seroconversion (HBs-Ag negative, anti-HBs >100 1U/1)

Figure 2. Possible endpoints of treatment of chronic HBV infection. After achieving HBeAg
or HBsAg seroconversion, antiviral treatment can be stopped. However, it is recommended to
maintain treatment for a period of 6-12 months after HBeAg or HBsAg seroconversion.

HBsAg loss or seroconversion to anti-HBs is the ultimate goal and most desirable
endpoint of antiviral therapy. Because HBsAg loss or seroconversion is associated
with a complete and definitive remission of the activity of chronic hepatitis B and
an improved long-term outcome, it is regarded as a cure from chronic hepatitis B.
However, HBsAg loss or seroconversion can be induced in only a limited number of
patients after short-term treatment (<5%). Interestingly, in recent follow-up studies in
PEG-IFN « as well as nucleos(t)ide analogue treated patients an increase of the rate
of HBsAg loss during long-term studies was shown (Marcellin 2009b). The rate of
HBsAg seroclearance during therapy with nucleos(t)ide analogues is probably linked
to the duration of the period with low HBV replication. It seems therefore conclusive
that with increasing treatment durations higher rates of HBsAg loss/seroconversion
will be observed.

Nevertheless, due to the unique life cycle of HBV which involves nuclear deposi-
tion of episomal covalently closed circular DNA (cccDNA) a cellular template of
the viral genome persists in hepatocytes even decades after HBsAg seroconversion
(Rehermann 1996). Therefore, it is thought that due to cccDNA persistence complete
eradication of HBV infections is impossible. Reactivation of HBV infection can occur
in certain circumstances from these nuclear reservoirs even decades after HBsAg loss,
for instance during immunosuppressive therapy.
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Criteria for the response to therapy

Virologic:

« sustained decrease of HBV DNA, at least to <104 copies/ml (2x103 TU/ml),
ideally to <300 copies/ml (60 IU/ml).

* sustained HBe seroconversion in HBeAg positive patients

« ideally, loss of HBsAg

Biochemical:
« sustained ALT normalization

Histologic:
* reduction of fibrosis (histological staging)
« reduction of inflammatory activity (histological grading)

Potential long-term effects:
« avoidance of cirrhosis, hepatocellular carcinoma (HCC), transplant, and death

Indication for antiviral therapy

Indications for acute hepatitis B
Acute hepatitis resolves spontaneously in 95-99% of cases (McMahon 1985). The pos-
sible effect of antiviral therapy has never been definitively proven and due to the high
rate of spontaneous remission of acute hepatitis B in adults, therapy with the currently
available drugs is not indicated. Currently, there are two randomized controlled studies,
one from India (LAM 100 mg/day vs. placebo) and one from China (LAM 100 mg/day
vs. standard of care) on the early initiation of therapy, looking at 71 and 80 patients,
respectively, with severe acute hepatitis B (Kumar 2007; Yu 2009). Both studies saw a
faster decrease of HBV DNA and of bilirubin levels in the patients treated with LAM
vs. the control group, and both studies found that the kinetics of ALT levels where not
affected by LAM treatment. However, in the Chinese group a significantly better clini-
cal improvement as well as mortality was seen in patients treated with LAM, while
the Indian study found no improvement in clinical outcome with LAM. Several case
reports from Europe also revealed that patients with severe and fulminate hepatitis B
may benefit from early antiviral therapy with LAM or other nucleos(t)ide analogues by
reducing the need for high-urgency liver transplantation (Tillmann 2006).

An immediate oral antiviral therapy seems justified to prevent fulminate liver failure
in cases where signs of liver synthesis impairment (drop of PT value, increase in INR)
during acute hepatitis B are present.

Indications for antiviral therapy of chronic hepatitis B

Patients with HBsAg positive chronic hepatitis should be considered as possible can-
didates for antiviral therapy especially in situations when there is a significant level
of HBV replication (Chen 2006; Iloeje 2006). Differentiation between HBeAg posi-
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tive and HBeAg negative chronic hepatitis B is not necessary anymore for treatment
indication, however with respect to the choice of the appropriate antiviral drug these
criteria may be still useful.

Current recommendations of the different national and international societies are
shown in Table 1 (Akarca 2007; Balik 2008; Carosi 2008; Colle 2007; Cornberg 2007,
EASL Jury 2003; European Association for the Study of the Liver 2009; Janssen 2008;
Juszezyk 2008; Keeffe 2007; Liaw 2008; Lok 2007; Lok 2009; Waked 2008). The main
focus has shifted from histological proven disease activity to HBV DNA levels as the
most relevant factor for a decision to initiate therapy. Thus, most of the recently pub-
lished guidelines now recommend antiviral treatment for patients with HBV DNA lev-
els >10,000 copies/ml (or >2000 IU/ml), in association with a sign of ongoing hepatitis
which can either be ALT levels greater than 2 times the upper limit of normal or signifi-
cant fibrosis in the liver, as demonstrated by liver histology greater than A1/F1.

In this context, a liver biopsy prior to the initiation of treatment can be useful for
the treatment decision in some patients, as it provides important information on the
prognosis of the disease, and helps in planning of subsequent therapeutic decisions for
patients in which first line treatment fails. However, a liver biopsy is not mandatory to
initiate treatment for the majority of patients (Table 1).

All patients with liver cirrhosis or high-grade liver fibrosis and any measurable HBV
DNA should be considered for antiviral therapy (European Association for the Study
of the Liver 2009; Lok 2007; Cornberg 2007). A flow chart showing the indication for
antiviral treatment according to the recently published German guidelines is depicted
in Figure 3 (Cornberg 2007). In patients with decompensated cirrhosis (Child-Pugh
score B or C) IFN « is contraindicated.

Inactive chronic HBsAg carriers, characterised by negative HBeAg status (anti-HBeAg
positivity), low HBV DNA levels (<10,000 copies/ml) and serum aminotransferases
within normal levels do not have an indication for antiviral therapy (Cornberg 2007).
However, differentiation between inactive HBsAg carriers and patients with chronic
HBeAg-negative hepatitis may be difficult in some cases. Elevated transaminases are
no reliable parameter for assessing the stage of liver fibrosis and long-term prognosis
of HBV-infected patients. Even in patients with normal or slightly elevated aminotrans-
ferases there can be a significant risk for the development of HBV-associated complica-
tions (Chen 2006; Iloeje 2006; Kumar 2008). It is reasonable to perform a liver biopsy in
these individuals and to control the level of HBV DNA at three-month intervals.

HBYV immunotolerant patients are mostly under 30 years old and can be recognized
by their high HBV DNA levels, HBeAg positivity, normal ALT levels and absence
of significant histological changes. According to most practice guidelines immediate
therapy is not required (Akarca 2007; Balik 2008; Carosi 2008; Colle 2007; Corn-
berg 2007; EASL Jury 2003; European Association for the Study of the Liver 2009;
Janssen 2008; Juszczyk 2008; Keeffe 2007; Liaw 2008; Lok 2007; Lok 2009; Waked
2008). However, patients with elevated risk for HCC development, as those with a
positive family history, and patients from high endemic areas like Asia or Africa may
perhaps benefit from early antiviral therapy (Cornberg 2007). Studies are under way
to further clarify this issue, especially to answer the question whether early interven-
tion with antiviral therapy will positively influence the long-term risk for HCC.

105



Hepatology - A clinical textbook

AASLD « Consider treatment:
(Lok 2007; « HBeAg(+): HBV DNA >20,000 IU/ml + ALT <2x ULN + biopsy shows
2009) moderate/severe inflammation or significant fibrosis.

« HBeAg(+): HBV DNA >20,000 IU/ml + ALT >2x ULN Observe for 3-6
months and treat if no spontaneous HBeAg loss.

« HBeAg(-): HBV DNA >20,000 IU/ml + ALT >2x ULN

« Consider biopsy:

* HBeAg(+): HBV DNA >20,000 IU/ml + ALT >2x ULN + compensated

« HBeAg(+): HBV DNA >20,000 IU/ml + ALT 1-2x ULN + age >40 years
or family history of HCC

« HBeAg(-): HBV DNA >2,000-20,000 1U/ml + ALT 1-2x ULN

APASL « Consider treatment:
(Liaw 2008) « All patients: HBV DNA detectable + advanced fibrosis/cirrhosis
« HBeAg(+): HBV DNA >20,000 IU/ml + ALT >2x ULN + impending/overt
decompensation
* HBeAg(-): HBV DNA > 2,000 + ALT >2x ULN + impending/overt
decompensation

EASL * Consider treatment:

D of agon « HBV DNA >20,000 IU/ml + ALT >2x ULN + moderate to severe

Liver 2009) necroinflammation
Belgian * Consider treatment:
(Colle 2007) * HBeAg(+): HBV DNA >20,000 IU/ml + ALT >2x ULN (or moderate/severe

hepatitis on biopsy)
* HBeAg(-): HBV DNA 22,000 IU/ml and elevated ALT
« Consider biopsy:
* Fluctuating or minimally elevated ALT (especially in those older
than 35-40 years)

Dutch « Consider treatment:
(Janssen 2008) » HBeAg(+) and HBeAg(-): HBV DNA 220,000 1U/ml and ALT =2x ULN
or active necrotic inflammation
» HBeAg(-): HBV DNA >2,000-20,000 IU/ml and ALT =2x ULN (and absence
of any other cause of hepatitis)

German « Consider treatment:

(Cornberg 2007) * HBV DNA >2,000 IU/ml + minimal inflammation/low fibrosis or ALT 22x ULN
Italian « Consider treatment:

(Carosi 2008) * HBeAg(+): HBV DNA >20,000 IU/ml + ALT >2x ULN

» HBeAg(-): HBV DNA >2,000 IU/ml + abnormal ALT and or fibrosis (Ishak 2S2)
« Consider biopsy:
» HBeAg(-): HBV DNA >2,000 IU/ml + borderline ALT, or if DNA 2,000-20,000
1U/ml + high ALT

Polish « Consider treatment:
(Juszczyk 2008) » HBeAg(+): HBV DNA 220,000 IU/ml + raised ALT; biopsy not required
» HBeAg(-): HBV DNA 22,000 IU/ml + raised ALT; biopsy not required
* Biopsy required:
* Normal ALT

Turkish VHSD - Consider treatment:
(Balik 2008) * HBeAg(+): HBV DNA >20,000 IU/ml + ALT >ULN or age >40 years
(ALT 1-2x ULN) + histological indication
» HBeAg(-): HBV DNA >2,000 IU/ml + histological indication

Turkish TASL « Consider treatment:
(Akarca 2007) » HBV DNA >2,000 IU/ml + histological fibrosis >2
+ HBV DNA >20,000 IU/ml + any histological finding + ALT >2x ULN

Table 1. Guideline key recommendations for indication for antiviral treatment of HBV infections.
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chronic hepatitis B

Advanced liver fibrosis
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Therapy HBV DNA and
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Risk factors for HCC, other indications
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Figure 3. Indication for antiviral treatment according to the German guidelines for the
treatment of chronic HBV infection. Treatment should be considered if HBV DNA levels exceed
10* copies/ml and if signs of ongoing hepatitis like ALT >2x upper limit of normal or liver histology
>A1/F1 is present. Of note, asymptomatic carriers with family history of HCC should receive
treatment even if signs of hepatitis are absent (Cornberg 2007).

Treatment indication: Summary of the recommen-
dations of the German Guidelines

* In principal, all patients with chronic hepatitis B should be evaluated for an-
tiviral therapy. The indication for treatment initiation depends on the level of
viral replication (HBV DNA 10* copies/ml, corresponding to 2x10* IU/ml), the
histological grading and staging, and the level of serum aminotransferases.

»  Especially patients with advanced fibrosis or cirrhosis need consistent antiviral
therapy in case of detectable viremia.

* Reactivation of hepatitis B virus replication due to immunosuppression in-
creases the risk of acute decompensation and cirrhosis. It should be avoided by
preventive therapy.

*  Alcohol and drug consumption are not a contraindication for treatment with

nucleos(t)ide analogues.
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*  Pregnancy is usually a contraindication for all available drugs. Therapy with
nucleos(t)ide analogues during pregnancy may be considered if the benefit out-
weighs the risk.

*  Occupational and social aspects and extrahepatic complications may justify
therapy in individual cases (Cornberg 2007).

Treatment options for chronic HBV infection

There are two classes available for the treatment of chronic HBV infection: interferon
o (standard or pegylated (PEG)-IFN o) and inhibitors of the HBV polymerase, the
nucleoside and acyclic nucleotide analogues.

While IFN o has been a mainstay in the treatment of chronic HBV infection for
many years it is limited by its tolerability and side effect profile allowing administra-
tion for only a limited period of time (6-12 months, maximum 24 months). Nucleo-
side and nucleotide analogues have a better tolerability and are therefore applied in
the long-term treatment of chronic hepatitis B. However, the efficacy of these oral
agents can be hampered by the risk of the emergence of resistance. Two interferons
and five oral antivirals are currently approved for the treatment of chronic HBV infec-
tions: standard IFN o-2b and PEG-IFN «-2a, lamivudine (LAM), adefovir dipivoxil
(ADV), telbivudine (LdT), entecavir (ETV) and tenofovir disoproxil fumarate (TDF)
(Table 2). The efficacy of the available drugs after one year of treatment, assessed by
the proportion of individuals with HBV DNA below the limit of detection, normalized
transaminases and HBeAg seroconversion is shown in Figure 4.

Agent Name Dose Duration

Interferon o

Standard Interferon a-2a Roferon® 2.5-5 mi. U per 4-6 months
m? body surface 3x/week

Standard Interferon o-2b Intron A® 5-10 mi. IU 3x/week 4-6 months

Pegylated Interferon o-2a Pegasys® 180 pg/week 48 weeks

Nucleoside analogues

Lamivudine Zeffix® 100 mg/day long-term*

Telbivudine Sebivo® 600 mg/day long-term*

Entecavir Baraclude® 0.5 mg/da?/ long-term*
1 mg/day for patients with long-term*

lamivudine resistance

Nucleotide analogues
Adefovir dipivoxil Hepsera® 10 mg/day long-term*

Tenofovir disoproxil fumarate Viread® 300 mg/day long-term*

* see Figure 7

Table 2. Overview of interferons and oral antiviral drugs currently approved for the treatment
of HBV infection.
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Figure 4. Efficacy of agents approved for the treatment of chronic HBV infection after one
year of therapy (suppression of HBV DNA below the limit of detection, ALT normalization and
HBeAg seroconversion). Differences between the different agents have to be interpreted with
caution - the data does not come from head-to-head studies.

Interferons

IFN o is a natural occurring cytokine with immunomodulatory, antiproliferative and
antiviral activity. The therapeutic efficacy of IFN o can often be clinically recognized
by an increase of ALT levels at least twice the baseline level. These flares often pre-
cede virologic response.

The main aim of standard or PEG-IFN o treatment is to induce a long-term re-
mission by finite treatment duration. Overall a long-term response defined by either
HBeAg seroconversion or durable suppression of HBV DNA to low or undetectable
levels can be achieved in approximately 30% of treated patients. In these responders
the chance for HBsAg loss in the long-term is relatively high.

Standard IFN ou

Standard IFN o was approved as therapy of chronic hepatitis B in 1992. IFN o is ap-
plied in dosages ranging from 5 million units (MU) to 10 MU thrice weekly (or every
other day). In a meta-analysis, a significant improvement in endpoints was shown in
patients with HBeAg-positive chronic hepatitis B being treated with standard-inter-
feron a in comparison to patients without treatment. Complete remission of fibrotic
changes was observed and was often associated with the loss of HBsAg. Furthermore,
there is a trend towards reduction of hepatic decompensation (treated 8.9% vs. un-
treated 13.3%), hepatocellular carcinoma (1.9 vs. 3.2%), and liver associated deaths
(4.9 vs. 8.7%) (Craxi 2003).
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viremia >10° cop/ml after
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Figure 5. Treatment algorithm for chronic HBV infection according to the German Guidelines.
Prior to evaluating the the best suitable nucleos(t)ide analogue, the indication for interferon
therapy should always be considered (Cornberg 2007).

A significant decrease in ALT as well as HBV DNA concentration was also shown
for standard interferon a for the therapy of HBeAg-negative chronic hepatitis B
(Brunetto 2003). However, these patients relapse frequently after the end of treat-
ment (25-89%) as evidenced by elevation of ALT levels and increase of HBV DNA
levels. The relapse rate seems to be higher when treatment duration is short (16 to
24 weeks) compared to longer treatment (12 to 24 months). A retrospective com-
parison of therapies lasting for between 5 and 12 months showed that with longer
treatment the chance of a long-term response was 1.64 times higher (normalization
of ALT, HBV DNA <1x10° copies/ml 1-7 years after end of therapy). The overall
response rates were 54% at the end of therapy, 24% at 1 year after therapy, and 18%
7 years after therapy (Manesis 2001).

In several studies, patients who had a long-term response to treatment demonstrated
a more favourable course than patients who were untreated, unresponsive, or who
had a relapse interferon a therapy with respect to the endpoints of progression to liver
cirrhosis, liver associated deaths, and development of hepatocellular carcinoma (Bru-
netto 2003; Lampertico 2003).
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Pegylated interferon o (PEG-IFN o)

The addition of a polyethylene glycol molecule (PEG) to the IFN has resulted in a sig-
nificant increase in half-life, thereby allowing administration once weekly. Standard IFN
o has now generally been replaced by PEG-IFN o.. Two types of PEG-IFN o were de-
veloped: PEG-IFN o-2a and PEG-IFN o.-2b, of which PEG-IFN o-2a was licensed for
the treatment of chronic HBV infection in a weekly dose of 180 ug (subcutaneous) for
48 weeks in both HBeAg-positive and HBeAg-negative patients. The safety profiles of
PEG-IFN o and standard IFN o are similar. Following therapy termination a relatively
high relapse rate is to be expected (>50%). The questions of optimal dose of PEG-IFN
o-2a (90pg vs. 180ug) and optimal duration of therapy have not been conclusively de-
fined yet.

HBeAg-positive patients

For the treatment of HBeAg-positive chronic hepatitis B using pegylated interferon o
four randomized, controlled studies have been performed (Chan 2005; Crespo 1994;
Janssen 2005; Lau 2005). These studies compared PEG-IFN o to standard IFN, LAM,
and/or a combination therapy with PEG-IFN o and LAM for a duration of 48-weeks
course of PEG-IFN o-2a (180 pg per week) with or without LAM was compared to
LAM monotherapy in HBeAg-positive patients. Sustained HBeAg seroconversion at
the end of follow up (week 72) was significantly higher in patients treated with PEG-
IFN a-2a alone or in combination with LAM than in patients treated with LAM alone
(32% and 27% versus 19%) (Marcellin 2004).

Importantly, it was recently shown that PEG-IFN o can induce immunomodulatory
effects which persist beyond the end of therapy leading to high HBsAg clearance rates
in the follow-up period. In a recent study, 97 patients with chronic HBV infection who
had received treatment with standard interferon were retrospectively analyzed for a me-
dian period of 14 (range, 5-20) years. During the observation period, 28 patients (29%)
of this cohort lost HBsAg (Moucari 2009a). Interestingly, all of the patients who lost
HBsAg in this study showed a significantly stronger decrease in HBsAg levels during
treatment with PEG-IFN o as compared to patients who remained HBsAg positive. This
influence of HBsAg kinetics on the outcome after treatment cessation was also found in
another study (Lau 2008). In one study with 172 patients who were treated with PEG-
IFN o-2b as monotherapy or in combination with LAM, the loss of HBeAg within the
first 32 week of treatment was shown to be an on-treatment predictor for HBsAg loss
during a mean period of 3.5 years after the end of treatment. HBsAg loss was found in
36% of the patients with early HBeAg loss and only in 4% of the patients with HBeAg
loss after 32 weeks of treatment. Of note, in this study early HBeAg loss tended to occur
more often in patients treated with PEG-IFN o and LAM combination therapy than in
those treated with PEG-IFN o alone (35 vs. 21%; p=0.10) (Buster 2009).

HBeAg-negative patients

The efficacy and safety of PEG-IFN «-2a (180 pg once weekly) plus placebo, PEG-
IFN o-2a plus LAM (100 mg daily), and LAM alone was also compared in 177,
179, and 181 patients with HBeAg-negative chronic hepatitis B, respectively. Patients
were treated for 48 weeks and followed for an additional 24 weeks. After 24 weeks of

111



Hepatology - A clinical textbook

follow-up, the percentage of patients with normalization of ALT levels or HBV DNA
levels below 20,000 copies/ml was significantly higher with PEG-IFN o-2a mono-
therapy (59% and 43%, respectively) and PEG-IFN o-2a plus LAM (60% and 44%)
than with LAM monotherapy (44% and 29%); the rates of sustained suppression of
HBYV DNA below 400 copies/ml were 19% with PEG-IFN o-2a monotherapy, 20%
with combination therapy, and 7% with LAM alone.

The rate of HBsAg clearance in HBeAg negative patients was also looked at (Mar-
cellin 2009a). In a study evaluating the outcome of 315 patients who were treated with
either PEG-IFN a-2a, LAM 100 mg or combination of both drugs for 48 months, three
years after the end of treatment the level of HBsAg losses was 8.7% in patients who had
been treated with a PEG-IFN a-2a alone or in combination with LAM while no patient
treated with LAM as monotherapy cleared HBsAg. Of the patients who had received a
PEG-IFN o-2a and who still had undetectable HBV DNA three years after treatment,
44% had lost their HBsAg. In another study comprising 48 patients who were treated
with PEG-IFN o.-2a, a decrease in serum HBsAg levels of 0.5 and 1 log IU/ml at weeks
12 and 24 of therapy was associated with a positive predictive value for HBsAg loss of
90% and 97% at week 96 after treatment, respectively (Moucari 2009).

Although combination of LAM plus PEG-IFN o failed to demonstrate benefit when
evaluated at the end of follow-up in most studies, a more pronounced on-treatment
virologic response (week 48) was observed with combination therapy as compared to
LAM or PEG-IFN o alone. This more profound HBV DNA suppression induced by
the combination regimen was associated with a lower incidence of LAM resistance
(presence of YMDD mutants in 1% vs. 18% at the end of therapy). The use of a fixed
combination with LAM plus PEG-IFN o is presently not recommended.

However, combination therapies between PEG-IFN o and more potent nucleos(t)ide
analogues may be attractive. Preliminary data indicate that PEG-IFN o plus ADV can
lead to HBsAg loss in 22% of cases. Although the number of treated patients is low
(n=45) it has to be admitted that similar rates of HBsAg loss have never been reported
before (Takkenberg 2009).

Nucleoside and nucleotide analogues

Nucleos(t)ide analogues inhibit viral replication by blocking the nucleoside binding
site of the viral polymerase and competing with the natural substrate deoxyadenosine
triphosphate (dATP) and by terminating DNA chain prolongation after incorporation
into viral DNA. Nevertheless, these agents’ detailed mechanisms of action for inhibit-
ing HBV DNA synthesis vary greatly. Nucleoside and acyclic nucleotide analogues
represent different subclasses of reverse transcriptase inhibitors: while both are based
on purines or pyrimidines, acyclic nucleotide analogues possess an open (acyclic) ri-
bose ring which confers greater binding capacity to resistant HBV polymerase strains
(Figure 6).

In contrast to IFN-based treatment strategies where finite treatment duration of 24-
48 weeks is established, treatment duration for nucleos(t)ide analogues is not well de-
fined but has to be administered for extended periods in order to control viral replica-
tion long-term. Short-term application of these agents for only 48 weeks is associated
with prompt relapse in viremia.

112



Standard therapy for hepatitis B virus infection

Phosphate ." H.

] /!
[} [] I
' ¢ / :
] )
..... [ R ] \ ,'
Lo ~~. \‘
P Sa v
'l -~

\

Ribose
bis(POM )-PMEA (-)B-L-2',3' -dideoxy -3'-
thiacytidine /3TC
Adefovir Lamivudine

Figure 6. Chemical structure of the nucleoside analogue LAM and the acyclic nucleotide
analogue ADV as an example for purine- or pyrimidine-based viral transcription inhibitors.
LAM is based on cytosine while adefovir is based on adenine. In contrast to LAM, ADV possesses
an acyclic ribose ring which gives a higher flexibility to the molecule.

Studies with nucleoside and nucleotide analogues have clearly demonstrated that
suppression of HBV viremia is associated with a significant decrease in histologic
inflammatory activity and fibrosis, including partial reversion of earlier stages of liver
cirrhosis (Chen 2006; Iloeje 2006; Mommeja-Marin 2003). The HBeAg seroconver-
sion rate also increases with increasing treatment duration (Liaw 2000; Lok 2000).
Most importantly, effective long-term control of HBV replication by nucleoside or
nucleotide analogues is associated with a reduction of long-term complications such
as HCC and development of liver cirrhosis (Toy 2009). There is also evidence that
effective inhibition of HBV replication can reduce HBV cccDNA, possibly running
parallel to the decline in serum HBsAg levels (Werle-Lapostolle 2004; Wursthorn
2006). These findings hopefully indicate that long-term antiviral therapy may lead to
a complete response in a significant number of patients.

A central aspect of HBV polymerase inhibitor treatment is the prevention and manage-
ment of HBV resistance to these drugs (see Chapter 10). Resistance against nucleoside or
nucleotide analogues can occur during suboptimal treatment and often leads to aggrava-
tion of liver disease. Therefore nucleoside-naive and nucleoside-experienced patients have
to be distinguished. Since several nucleoside analogues have overlapping resistance pro-
files, prior nucleoside experience should be taken into account when selecting a second-
line therapy.
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Lamivudine (LAM)

Lamivudine is a synthetic nucleoside analogue that was approved for the treatment of
chronic hepatitis B in 1998. LAM is the (-) enantiomer of 2° -3” dideoxy-3’-thiacyti-
dine. The phosphorylated form (3TC-TP) exerts its therapeutic action by competing
with dCTP for incorporation into the growing viral DNA chains, causing chain termi-
nation. By inhibiting both the RNA- and DNA-dependent DNA polymerase activities,
the synthesis of both the first strand and the second strand of HBV DNA are inter-
rupted. LAM is an oral medication and its dose for chronic hepatitis B is 100 mg daily.
This dose was chosen based on a preliminary trial that randomly assigned 32 patients
to receive 25, 100, or 300 mg of LAM daily for a total of 12 weeks (Dienstag 1995).
In this study the dose of 100 mg was more effective than 25 mg and was similar to
300 mg in reducing HBV DNA levels, therefore the dose of 100 mg daily was chosen
for hepatitis B therapy. The efficacy data of LAM after 1 year of treatment are sum-
marized in Figure 4.

Long-term LAM treatment is associated with an increasing rate of antiviral drug
resistance reaching approximately 70% after 5 years in patients with HBeAg posi-
tive, high-level replication HBV infection. Therefore, in many guidelines LAM is
not considered a first-line agent in the treatment of chronic HBV infection any more.
However, LAM still may play a role in combination regimens or in patients with mild
chronic hepatitis B expressing low levels of HBV DNA (<10° copies/ml). The early
and complete virologic response to LAM within 6 months of therapy (<400 copies/
ml) hereby constitutes a prerequisite for long-term control of HBV infection without
the risk of developing resistance.

Adefovir dipivoxil (ADV)

Adefovir dipivoxil was approved for treatment of chronic hepatitis B in the US
in 2002 and in Europe in 2003. It is an oral diester prodrug of adefovir, a nucle-
otide adenosine analogue that, in its active form (adefovir diphosphate), inhib-
its the HBV DNA polymerase. Because the acyclic nucleotide already contains
a phosphate-mimetic group, it needs only two, instead of three, phosphorylation
steps to reach the active metabolite stage. It does not depend on the virus-induced
kinase to exert its antiviral action. Adefovir dipivoxil was the first substance with
simultaneous activity against wild-type, pre-core, and LAM-resistant HBV vari-
ants. It is active in vitro against a number of DNA viruses, in addition to HBV,
and retroviruses (i.e., HIV). The dose of 10 mg per day was derived from a study
comparing 10 mg versus 30 mg/d. The higher dosage leads to stronger suppression
of HBV DNA levels but also to renal toxicity with an increase of creatinine levels
that limits use (Hadziyannis 2003).

ADV was the first acyclic nucleotide that was widely used in the treatment of LAM-
resistant HBV infections. However, the antiviral effect of ADV in the licensed dosage
of 10 mg/d is rather low as compared to other available antivirals (Figure 4); this
disadvantage makes ADV vulnerable to HBV resistance (Hadziyannis 2006a). Today,
the add-on therapy in LAM resistance is the preferred strategy for the use of ADV, as
discussed below (Lampertico 2007). With the approval of TDF, ADV should not be used
as first-line monotherapy any more.
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Telbivudine (LdT)

Telbivudine is a thymidine analogue which is active against HBV but at least in vitro
not active against other viruses, including HIV and hepatitis C virus (HCV). It was
reported to be non-mutagenic, non-carcinogenic, non-teratogenic, and to cause no
mitochondrial toxicity. A favourable safety profile at a daily dose of 600 mg was dem-
onstrated (Hou 2008; Lai 2007). However, CK elevations were observed more often
as compared to the group treated with LAM and neurotoxicity may be an issue when
LdT is administered in combination with PEG-IFN ¢ (Fleischer 2009).

LdT at 600 mg/day expresses higher antiviral activity compared to either LAM at
100 mg/day or ADV at 10 mg/day (Figure 4). More patients achieved HBeAg loss
within 48 weeks of treatment as compared to other nucleoside/nucleotide analogues.

However, resistance to LdT has been found to occur in up to 21% after 2 years of
treatment (Tenney 2009). Resistance was predominantly observed in patients who did
not achieve undetectable HBV DNA level after 24 weeks of treatment (Zeuzem 2009).
LdT should be used quite cautiously in HBeAg positive patients with high HBV DNA
levels (>10? copies/ml) because the risk of incomplete virologic response at week 24
is especially high in this patient population. Furthermore, treatment with LdT should
be modified in all patients when HBV DNA levels do not reach undetectable by 24
weeks of treatment (switch to a more potent drug or add-on a second non-cross-re-
sistant drug). LdT shows cross resistance to LAM and ETV. As a consequence LdT
should not be used in LAM or ETV refractory patients.

In patients who received LdT treatment neuropathy and myopathy have been reported.
In the GLOBE trial, during a period of 104 weeks grades 3/4 elevations in CK levels
were observed in 88 of 680 (12.9%) patients who received LdT and in 28 of 687 (4.1%)
patients who received LAM (p<0.001) (Liaw 2009). However, rhabdomyolysis was not
observed in anyone. In combination with PEG-IFN, LdT has also been reported to be
associated with peripheral neuropathy. Peripheral neuropathy was described in 9 of 48
(18.75%) patients who received combination therapy of PEG-IFN and LdT and only in
10 of 3500 (0.28%) patients who received LdT monotherapy (Goncalves 2009).

Entecavir (ETV)
Entecavir, a cyclopentyl guanosine nucleoside analogue, is a selective inhibitor of HBV
replication and was licensed in 2006. Entecavir blocks all three polymerase steps in-
volved in the replication process of the hepatitis B virus: first, base priming; second,
reverse transcription of the negative strand from the pre-genomic messenger RNA; third,
synthesis of the positive strand of HBV DNA. In comparison to all other nucleoside and
nucleotide analogues, ETV is more efficiently phosphorylated to its active triphosphate
compound by cellular kinases. It is a potent inhibitor of wild-type HBV but is less effec-
tive against LAM-resistant HBV mutants. Therefore, ETV was approved at a dose of 0.5
mg per day for treatment naive HBeAg-positive and -negative patients and in the dose of
1 mg per day for patients with prior treatment with LAM (Lai 2005; Sherman 2008).
ETV has a favourable tolerability profile and can be easily adjusted to renal func-
tion. Besides LAM it is the only nucleos(t)ide analogue which is available as tablet
and as an oral solution. However, ETV may cause severe lactic acidosis in patients
with impaired liver function and a MELD score of >20 points (Lange 2009).
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Treatment-naive HBeAg positive patients achieved undetectable HBV DNA levels
in 67% and 74% after one and two years of ETV treatment, respectively (Figure 4)
(Gish 2007; Sherman 2008). Long-term studies in ETV responder patients demon-
strated that response can be maintained in nearly all patients over an observation pe-
riod of up to five years. So far, the rate of resistance in the long-term is estimated to be
approximately 1% for treatment-naive patients (Tenney 2009). Loss of HBsAg occurs
in 5% of treatment-naive individuals after two years of ETV therapy (Gish 2010).

In LAM resistant patients ETV is less potent. Only 19% and 40% of these patients
achieved undetectable HBV DNA after one and two years, respectively, despite an
increased dose of 1 mg/day (Gish 2007; Sherman 2008). Due to cross-resistance up to
45% of patients with LAM resistance develop resistance against ETV after 5 years of
treatment (Tenney 2009).

Although ETV is not cross-resistant to and more potent than ADV, recent data indi-
cate impaired efficacy of ETV after treatment failure of ADV (Cho 2009; Reijnders
2009; Shim 2009). The mechanisms of this are not clear. Insufficient intracellular drug
levels or presence of viral strains with reduced susceptibility against ETV at baseline
are discussed as possible explanations. Interestingly, ADV-related mutations (A181V
and N236T) persist during ETV therapy although they should be susceptible to the
second-line treatment (Reijnders 2009).

Tenofovir (TDF)

Tenofovir disoproxil fumarate, an ester prodrug form of tenofovir (PMPA; (R)-9-(2-
phosphonylmethoxypropyl)), is an acyclic nucleoside phosphonate (or nucleotide
analogue). TDF has selective activity against retroviruses and hepadnaviruses and is
currently approved for the treatment of human immunodeficiency virus (HIV) infec-
tions and for therapy of chronic hepatitis B. TDF shows strong activity against both
HBeAg-positive and HBeAg—negative HBV infections in treatment-naive patients
(Heathcote 2008; Marcellin 2008). /n vitro studies have clearly demonstrated that
LAM resistant HBV strains (mutations rtM2041/V, rtL180M and rtL173M) remain
susceptible to TDF (Lada 2004). These observations are consistent with clinical stud-
ies showing a high efficacy of TDF in LAM resistant HBV infections irrespectively of
the kind of mutation mediating LAM resistance (van Bommel 2010). Due to possibly
existing cross-resistance to ADYV, the efficacy of TDF might be hampered by the pres-
ence of ADV resistance; however, a breakthrough of HBV DNA during TDF treat-
ment in patients with previous ADV failure was not observed (van Bommel 2007).
TDF is generally well-tolerated and not associated with severe side effects. For HBV
mono-infected, treatment-naive patients, renal safety during TDF monotherapy was in-
vestigated in three studies. In a randomized study comprising HBeAg negative patients,
none of 212 patients treated with TDF for three years and non of 112 patients who were
treated with ADV for one year who then switched to TDF for two years had a decrease in
GFR to levels <50 ml/min or an increase of serum creatinine levels >0.5 mg/dl (Marcellin
2009). In a similar study in HBeAg positive patients, of 130 patients treated with TDF for
3 years and of 76 patients treated with ADV for one year and consecutively with TDF for 2
years, only one patients showed an increase in serum creatinine levels >0.5 mg/dl starting
at year two (Heathcote 2009). In a sub-analysis of both studies in 152 HBeAg-positive and
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-negative Asian patients, no increase of serum creatinine >0.5 mg/dl or of eGFR <50 ml/
min was found in up to 3 years of TDF treatment (Liaw 2009a).

In large randomized clinical trials in HBV/HIV coinfected patients the use of TDF was
associated with an excellent renal safety profile. However, mild impairment of renal func-
tion up to acute renal failure (Coca 2002; Créput 2003; Gallant 2005; Karras 2003; Pey-
riere 2004; Verhelst 2002) and Fanconi syndrome was reported in some HBV/HIV co-
infected patients on TDF treatment (Gaspar 2004). From a recent long-term study in 102
HIV/HBV coinfected patients treated with TDF for a mean duration of 55 months (range
8-88 months), a statistically significant decrease in mean eGFR estimated from 105+30
ml/min to 94+26 ml/min at the end of observation as assessed by the MDRD formula was
shown (Reijenders 2009). Nine (9%) patients developed renal impairment, which per-
sisted in three subjects for more than 3 months. In three patients TDF treatment had to be
stopped due to renal dysfunction. In these patients the decline of creatinine clearance was
significantly greater than in those being exposed to other nucleoside-based antiviral drugs.
Regular monitoring of renal function is therefore recommended during TDF therapy.

Three year efficacy data are available for TDF in (mostly) treatment-naive HBeAg
positive and -negative patients. TDF showed marked antiviral efficacy with complete
virologic response rates (HBV DNA <400 copies/ml) reaching nearly 100% and 90%
in HBeAg-negative and -positive patients respectively, after three years of therapy.
In the study in HBeAg-positive patients, 6% of patients experienced HBsAg loss, of
whom 4% had received TDF continuously and 5% had switched from ADV to TDF
after 6 months (Heathcote 2009; Marcellin 2009).

No drug resistance has been observed so far. Similar efficacy without development
of resistance was also demonstrated when TDF was administered to LAM-refractory
patients or those showing incomplete response to ADV (van Bommel 2010).

Nucleos(t)ide analogue combination therapy as first-line treatment
As of now, nucleoside and nucleotide analogues are not indicated for first-line com-
bination therapy.

There is only one study comparing a combination therapy with LAM and ADV to
LAM monotherapy in untreated patients (Sung 2008). In this study, there was no dif-
ference in the virologic and biochemical response between both groups. The rate of
LAM resistance was much lower in the combination group. However, the develop-
ment of resistance could not be completely avoided even with the use of an additional
dose of ADV.

Another study analyzing the combination of LAM with LdT also showed no benefit for
combination therapy (Lai 2005). No data are available on other combination therapies.

The risk of teratogenicity of nucleos(t)ide analogues is assessed by a classification
based on any data gathered in clinical trials as well as through the FDA Pregnancy
Registry. TDF and LdT are listed as pregnancy category B drugs and LAM, ADV
and ETV as category C drugs. In pregnant women with high levels of HBV viremia,
LAM treatment during the last trimester of pregnancy was reported to reduce the risk
of intra-uterine and perinatal transmission of HBV if given in addition to passive and
active vaccination by HBIg and HBV (van Zonneveld 2003). During treatment with
TDF, the birth defect prevalence was recently shown to be as high as during treatment
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with LAM (Brown 2009). However, treatment with nucleos(t)ide analogues during
pregnancy should be carefully monitored and should be limited to the second and
third trimester. As exacerbations of chronic hepatitis B may occur, women with HBV
should be monitored closely after delivery (ter Borg 2008).

Prognostic factors for therapeutic success

Several factors are positively associated with long-term remission and may help to
guide treatment decisions. Pre-treatment factors predictive of HBeAg seroconversion
are low viral load, high ALT levels (above 2-5 times ULN) and high histological
grading (Flink 2006; Hadziyannis 2006; Lai 2007; Perrillo 1990; Perrillo 2002; Wong
1993; Yuen 2007; Zoulim 2008). These general baseline predictors are relevant es-
pecially for treatment regimens with PEG-IFN o but may in part be relevant also for
nucleos(t)ide analogues (Table 3).

Nucleoside/nucleotide analogues Peg-interferon o

Before treatment Low viral load (HBV DNA < 107 1U/ml), high serum ALT levels (above 3 times
ULN), high activity scores on liver biopsy (at least A2)

During treatment Undetectable HBV DNA in a real-time HBV DNA decrease <20,000 [U/ml
PCR assay at 24 or 48 weeks is at 12 weeks is associated with a
associated with HBeAg seroconversion 50% chance of HBeAg sero-
in HBeAg-positive patients conversion in HBeAg-positive
and lower incidence of resistance patients and with a 50% chance

of sustained response in
HBeAg-negative paitents

HBeAg decrease HBeAg decrease at week 24
may predict HBeAg
seroconversion

HBV genotype HBV genotype shows no influence Association with HBV genotype A

on response and B and than with genotypes C

response to IFN o is higher than
genotypes C and D; however
the association is weak and HBV
genotype should not be the only
argument for treatment decision

Table 3. Predictors of response to antiviral therapy.

HBYV genotypes have been shown to be associated only with viral response to in-
terferon a. Patients with HBV genotype A, prevalent in Northern Europe and USA,
showed a much higher rate of HBeAg and HBsAg seroconversion than patients with
HBYV genotype D, prevalent in the South of Europe, or the HBV genotypes B or C
originating from Asia (Keeffe 2007; Wiegand 2008).

A pooled analysis from the two largest trials using PEG-IFN o-2a or -2b in chronic
hepatitis B tried to calculate a score predicting successful interferon therapy based on an
individual patient’s characteristics (viral load, ALT level, HBV genotype, age, gender).
However, this approach may only be feasible in HBeAg-positive patients (Buster 2009).
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How to treat

One can choose either to treat with PEG-IFN o in order to induce a long-term control
by finite treatment or with nucleos(t)ide analogues to inhibit HBV replication long-
term (Figure 3).

At first, interferon therapy should be evaluated. However, if a patient does not fulfil
the criteria for PEG-IFN o, has contraindications, or is intolerant, long-term therapy
with nucleos(t)ide analogues is recommended. If a nucleos(t)ide analogue is chosen
several parameters have to be considered prior to therapy: the antiviral efficacy of the
drug, the durability of response, the resistance barrier, and the stage of liver disease.

If the initial viral load is low and liver cirrhosis has been excluded, any approved
drug may be used. The use of LAM, however, should be restricted to patients with
mild fibrosis and HBV DNA levels <10° copies/ml. For patients with high-level HBV
replication (>10° copies/ml) only drugs with a high genetic barrier should be used
(i.e., ETV or TDF, see Tab