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Abstract

From a single source outbreak of hepatitis B virus (HBV) infection, we
characterized the kinetics and evolution of primary HBV infection incorporating
incubation and clinical phases of disease, in six patients with acute resolving
hepatitis and four patients who progressed to chronic infection. We estimate a
basic reproductive number of 5.5 and a peak HBV production rate of at least 10^^
virions/day. HBV replicates rapidly with mean doubling time of 3.7+1.5 days.
After a peak viral load in serum of nearly 10''° HBV DMA copies/ml, clearance of
HBV DMA follows a two or three phase decay pattern with an initial rapid decline
characterized by mean half-life (ti/2 ) of 3.7+ 1.2 days, similar to the ti /2 observed
in the non-cytolytic clearance of cccDNA for other hepadnaviruses. The final
phase of virion clearance occurs at a variable rate (ti /2 of 4.8 to 284 days) and
may relate to the rate of loss of infected hepatocytes.
Using denaturing gradient gel electrophoresis to screen PCR-clones for
mutations in two genetic loci (3 ORF: core, surface, and polymerase) we found
95 mutations in over 1.2 Mbp of genetic sequence analysed, indicating a
relatively stable genetic population. Patients with acute resolving hepatitis B
exhibited a higher genetic diversity in both loci compared to chronic infection. All
non-synonymous mutations in the core occurred in regions mapped as B
(including anti-HBe), CD4+ or CD8+ epitopes. Non-synonymous mutations also
occurred in the highly conserved region of the polymerase gene, and in CTL
epitopes and B cell a determinant of HBsAg. Extensive deletions encompassing
these epitopes occurred in all ORF's.

Mutation in CD8+ 18-27 epitope of HLA

A*0201 patients significantly correlated with CTL CD8+ response to this epitope
and resolution of acute infection.

Thus, the broadly reactive nature of the

immune response was capable of clearing such evolving mutants and preventing
viral persistence, though perhaps at the expense of acute hepatocellular injury.
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INTRODUCTION
Epidemiology
World Perspective
Hepatitis B virus (HBV) belongs to the hepadnavirus family and is one of the
main etiological agents of liver disease (64). HBV infection remains a major
health problem with about one billion people being exposed to this virus and a
subsequent 5% of the world's population (over 350 million) being chronically
infected. In Europe, an estimated 1 million people become infected with HBV
each year, of whom approximately 90 000 will develop chronic hepatitis B (CHB)
(211). However, CHB is most prevalent in countries of the Asia-Pacific and subSahara regions, which account for more than three-quarters of cases worldwide.
In these countries, as many as 20% of people are chronically infected, mainly
through perinatal or child to child transmission. The distribution in a given country
may differ, with geographical clustering in both high- and low-risk countries.
There are also urban-rural differences, with higher rates in rural areas. Ethnic
differences also exist in which maternal ethnicity appears more important than
paternal ethnicity. Migrant studies show chronic HBV infection rates similar to the
country of origin with a decrease in newer generations. In Europe, CHB is more
prevalent in Mediterranean and eastern countries (5% of the population) than in
northern or western countries (less than 0. 2%).
UK Perspective
HBV infection in the United Kingdom (UK) is mostly acquired in adulthood by
sexual or parenteral routes (172). Unlike countries with a relatively moderate to
high prevalence of HBV infection, perinatal or child to child transmission, which is
mostly asymptomatic, is likely to be responsible for no more than 10% of chronic
carriers of the virus in England and Wales (220).

19

The incidence of acute symptomatic hepatitis B, reported to the PHLS
Communicable Disease Surveillance Centre (CDSC) in England and Wales, is
just over 1/100 000 of the population (127). This figure would not be much higher
even if it is assumed that only 30% of all laboratory confirmed cases are
reported. Given that only a third of acute infections in adults are symptomatic
(133), the true rate of acute hepatitis B infection in the population of England and
Wales would be around 3/100 000.
About two-thirds of the acute HBV infections reported to the PHLS
Communicable Disease Surveillance Centre (CDSC) in England and Wales
include information on how the infection was probably acquired (172). A detailed
prospective incidence surveillance study by Mangtani et al (127) investigated the
epidemiology and subsequent clinical course of acute symptomatic hepatitis B in
England and Wales occurring in 1993 in a cohort of 617 patients identified from
their laboratory reports to CDSC.

Information was acquired

by detailed

questionnaire sent to the patients' physician and/or the patient.
The incidence of acute symptomatic hepatitis B was higher in men (3/4)
than women but, in common with many other sexually transmitted diseases,
peaked at an earlier age in women (aged 20 to 24 years) than in men (25 to 34
years).
There was a socioeconomic differential in risk for acute hepatitis B
disease, as in other low prevalence countries such as USA (5), with the
incidence being higher in the poorer half of society.
Data from laboratory reports alone on exposure information appeared to
underestimate the true number attributable to sexual activity but overestimate the
number attributable to injecting drug use. Information about the likely mode of
transmission of hepatitis B showed in the study by Mangtani at a! that, as in
Sweden (194), sexual transmission was the largest category with almost twice as
common an exposure as injecting drug use. Sex between men and women and
sex between men each accounted for about 20%.
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One in eight patients acquired HBV infection abroad in areas where the
prevalence of hepatitis B carriage is moderate or high. Of these infections, more
than two thirds were sexually acquired and nearly a quarter had become infected
through surgery, blood transfusion, or medical treatment. Inadequate sterilisation
of needles or absence of disposable needles in poorer countries is a well-known
risk (28, 108).

Natural History
Infection by HBV leads to a wide range of clinical consequences including acute
and chronic necroinflammatory liver disease, liver cirrhosis, and hepatocellular
carcinoma (53). World-wide, hepatitis B is the ninth most common cause of death
with about one million people dying each year due to progressive liver disease
(125). Patients who are chronically infected with HBV have a 25% to 40% lifetime
risk for death due to liver failure or hepatocellular carcinoma (175).
Age at infection is the most important determinant for chronicity, the
younger the age at infection, the higher the probability of chronicity (192).
Development of chronic hepatitis B can be as high as 90% in infants bom to
hepatitis

B

e

antigen

(HBeAg)-positive

mothers;

this

mother-to-infant

transmission perpetuates the chronic infection from generation to generation. In
addition to perinatal transmission, horizontal and parenteral routes are also
important in spreading HBV infection.
In adolescents and adults, most infections are self-limited clinically and
many are asymptomatic (54, 192). Over 90% of acute symptomatic hepatitis B
patients present with malaise and jaundice (127).

Fortunately, approximately

90% of these will recover without sequelae, and develop immunity to the virus.
However, 0.1-1.5% (127) of cases result in fulminant hepatitis during which cell
death in the liver is so extensive that many of these patients fail to survive. Thus
the overall case fatality rate for acute symptomatic hepatitis B is estimated at
0.5% in the USA (6) and UK (127).
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Following acute HBV infection in adults, only a small proportion will fail to
clear HBsAg from the circulation over a six-month period, predisposing them to
the development of chronic hepatitis. Seef et a! (187) found only 1 carrier among
597 healthy servicemen tested 40 years after acute hepatitis B infection. In a
study of 118 patients with acute HBV infection presenting to a hepatology clinic,
Fong at al (76) found that 6.7% progressed to CHB. The nature of the chronic
infection is variable, ranging from a minimal to severe grade of hepatic
inflammation to cirrhosis with its attendant risks of liver decompensation and
hepatocellular carcinoma. Cirrhosis can develop up to two decades or more after
HBeAg seroconversion, at a rate of 2% of patients/year (117). In this group
hepatocellular carcinoma develops in between 3-10% of individuals/year.
In

CHB,

the

HBeAg

seroconversion

rate

increases

with

age.

Seroconversion to anti-HBe is associated, in the majority of patients, with a rise
in serum alanine amino-transferase (ALT) levels which subsequently become
normal. In a small proportion of cases (2.4%) HBeAg seroconversion may be
associated with hepatic decompensation. Among children and young adults,
HBeAg seroconversion to anti-HBe occurs at the rate of 2-5% per year and
HBsAg sero- clearance occurs in approximately 0.5% per year (226).

In CHB,

mutations in the precore and core promoter genes are found commonly, but their
full significance is still unclear.
The outcome of HBV infection is a dynamic state of interaction between
the virus, hepatocytes and the immune system of the host. However, the precise
mechanisms that lead to viral clearance or persistence and to liver cell injury
remain to be fully defined. Host factors, including immunological responses (51)
and the expression of specific HLA class II alleles (202) appear to play a role in
virus clearance during acute infection. During HBV clearance, clinical hepatitis
may occur signalled by elevation of serum aminotransferases. This hepatitis
appears to be the result of human leukocyte antigen (HLA)- class 1 antigen
restricted,

cytotoxic T lymphocyte

(CLT)-mediated

cytolysis

against HBV

antigen(s) expressed on hepatocytes with resultant apoptosis. This is associated

22

with HBeAg seroconversion to anti-HBe.

Seroconversion

is subsequently

followed by clinical remission. The severity of hepatitis appears to determine the
disease outcome and clearance of HBV.

Broad Aim of Thesis
The relative contribution and importance of viral factors in determining the
variable clinical and immunopathological outcome of infection with HBV remains
to be fully elucidated. My thesis will focus on the relative importance of virological
factors towards the outcome of primary HBV infection and will attempt to
correlate this with immunological and pathological responses.
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CHAPTER 1

Outbreak of Hepatitis B Linked to the Aiternative
Medical Practice of Autohemotherapy
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Outbreak of Hepatitis B Linked to the Alternative Medical
Practice of Autohemotherapy

Abstract
B ackground. In February 1998, two patients with acute hepatitis B were
identified who had recently received autohemotherapy at an alternative medicine
clinic. This involved the drawing of 1 ml of the patient's blood, mixing with saline,
and reinjection into acupuncture sites.

We investigated the extent of HBV

infection in patients and staff of the clinic.
M ethods. Patients who had attended the clinic between January 1997 and
February 1998 were tested for serological markers of HBV and for HBV DMA by
PCR. HBV DMA was sequenced to determine the relatedness of the virus
identified in the outbreak cases. Analysis of the number and dates of visits, in
relation to HBV status, was performed.
Results. Samples were received from 352 patients and 4 staff members.
Serological evidence of exposure to HBV was found in 57 (16%). Of the patients
and staff who were positive for hepatitis B surface antigen, 30/33 (91%) showed
complete nucleotide identity in the surface and core genes.

Five patients with

linked infection progressed to chronic hepatitis B; one of these was considered
the source of the outbreak.
C onclusion. We described a large outbreak of hepatitis B linked to infection by
a single HBV variant. Contaminated saline in a repeatedly used bottle was the
probable vehicle of transmission. Our findings emphasise the risk of transmitting
blood-borne viruses by skin-piercing procedures, particularly as they are being
increasingly used in alternative medicine clinics.
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Background to Research for Thesis
In 1999, The Barnett Health Authority Hepatitis B Outbreak Committee (of which
our viral hepatitis team at The Royal Free was a member) submitted to The
Department of Health a document detailing a large outbreak of acute hepatitis B
(AHB) linked to autohemotherapy performed at an alternative medicine clinic.
Subsequently, we reported in The Lancet (214), the epidemiologic data and viral
genome analysis that allowed the relatedness of HBV infection and probable
mechanism of transmission to be defined.
In February 1998, a 43 year old woman developed acute icteric hepatitis
B. Her 19 year old daughter was also found to be HBsAg-positive. Both had
attended a clinic in London in October and November 1997, where they had
received a treatment known as autohemotherapy. This technique involved the
drawing of approximately 1ml of the patient's blood with a needle and syringe,
and mixing this with an equal volume of saline in the same syringe. The saline
was drawn from a multi-use bottle, and the mixture of autologous blood and
saline was injected into the buttocks or acupuncture points.
The

Consultant

in

Communicable

Disease

Control

(CCDC)

with

responsibility for Barnett Health Authority, in which area the clinic was based,
instructed the clinic staff to cease autohemotherapy. Through case finding over
the next 4 weeks a further six HBsAg-positive cases were identified. A look-back
investigation was instituted to identify other cases arising from this clinic, to
characterise the epidemiology of the outbreak, limit secondary spread of the
disease, and consider therapy for patients.
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Epidemiologic Investigation
Patients who attended the clinic between January 1997 and February 1998 were
identified, either through their clinic records, or following media coverage. A
lookback investigation was coordinated by the local health authority, CCDC, and
the Communicable Disease Surveillance Centre (CDSC). Each patient was
asked to give a serum sample for serological testing, and to complete a
questionnaire detailing the dates on which they received autohemotherapy. Clinic
staff were tested for markers of HBV.
The case definitions applied were: 1) ‘Active infection’: HBsAg-positive.
Those who were anti-HBc IgM-positive were defined as having acute infection.
Those who were anti-HBc IgM-negative, or who were HBsAg-positive for more
than six months, were defined as having chronic hepatitis. 2) ‘Resolved infection’:
HBsAg-negative and total anti-HBc-positive and anti-HBs-positive; or anti-HBcpositive on sequential sampling, if anti-HBs-negative. In this category, those
patients who were anti-HBc IgM-positive were defined as having recently
resolved infection. 3) ‘No serological markers of exposure to HBV’: HBsAgnegative, anti-HBc-negative and anti-HBs-negative; or HBsAg and anti-HBsnegative, but anti-HBc-positive in a single specimen.

Clinical assessment
All patients with serological markers of exposure to HBV were referred to us for
clinical assessment at The Centre for Viral Hepatitis, Royal Free Hospital,
London. A history of acute hepatitis, and of other risk factors for exposure to viral
hepatitis was sought. Household and sexual contacts of these patients were
identified, counselled, and offered serological testing and HBV vaccination.
All samples were tested for HBV DMA following extraction of DMA from
sera. Fragments from the hepatitis B core and surface genes were amplified by
nested PCR.

Additionally, serum HBV DMA referred to the Hepatitis and

Retrovirus Laboratory during 1997 from patients with AHB that were unrelated to
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this outbreak, was sequenced to act as controls. The genetic relatedness of
aligned sequences was compared by phylogenetic analysis (181).

Results
HBV infection in clinic staff
The clinic was staffed by four members of the same family, one of whom was a
registered physician. The physician had AHB at the time of diagnosis, as did
another staff member. Another had resolved hepatitis B. The fourth staff member
had no serological markers of exposure to either HBV. The two staff members
with

AHB

cleared

HBsAg

after

an

acute

hepatitic

illness.

Of

note,

autohemotherapy had been performed by several of the staff members on each
other over the previous year.
HBV infection in clinic patients
399 patients at the clinic between January 1997 and February 1998 were
identified. Serum samples were received from 352 (216 female, 136 male, mean
age 42 years, range 1-86 years). Including the original cases, 55 patients (15%)
had evidence of exposure to HBV (Figure 1). 23 patients had markers of resolved
infection, and 6 of these had serological indicators of recently resolved infection.
33 patients had evidence of active hepatitis B at the time of initial blood testing.
Anti-hepatitis D antibodies were negative in all HBsAg-positive patients.
HBV DNA sequence analysis
HBV DNA was amplified and sequenced (core and surface gene) from 33 of the
34 HBsAg-positive cases, including both actively infected staff members. There
was complete nucleotide identity in both the surface and core genes in 31 cases
(91% of HBsAg-positive cases). The sequences possessed nucleotide motifs
characteristic of variants belonging to genotype D. The variant found in these 31
linked cases was different to control samples from acutely infected patients, as
demonstrated by phylogenetic analysis (Figure 2).
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Outcome o f HBV infection
26 of the 31 cases linked by HBV DNA sequence analysis cleared circulating
HBsAg over the first six months of assessment.
documented in 23, and jaundice occurred in 16.

Clinical hepatitis was

Six of the 31 linked cases

(Patients 1-6) were identified in the pre-clinical phase of acute hepatitis, when
they were HBsAg-positive, but were anti-HBc-negative. Four of the six were also
HBeAg-negative at the time of diagnosis. All six patients developed a typical
clinical hepatitis and a characteristic serological pattern of seroconversion,
followed by clearance of HBsAg. Five patients did not clear HBsAg over a sixmonth period, and so were classified as having chronic hepatitis B (CHB). None
of these five had a history of acute clinical hepatitis. One was a 79-year old man
(Patient 9, source case), born in India, who was HBsAg-positive, HBeAg-positive,
anti-HBc IgM-negative, and HBV DNA of 1.2 x 10^° copies/ml (Chiron assay).
Another was a 79-year old woman with diabetes mellitus, also bom in India, who
remained HBsAg-positive, HBeAg-positive, and anti-HBc IgM-negative. Two
patients were on maintenance oral steroid therapy. One was a 72 year old
woman (Patient 7) with cryptogenic organising pneumonitis, who remained
HBsAg-positive, HBeAg-positive, anti-HBc IgM-positive and minimally elevated
serum transaminases. She was commenced on lamivudine therapy. The other
(Patient 10) was a 19-year old woman who was being treated with prednisolone
and azathioprine for a relapse of ulcerative colitis. A fifth (Patient 8) was also
aged 19 years and importantly had no significant medical history and was not on
immunosuppressive treatment.
Two of the HBsAg-positive patients in whom HBV-DNA was amplified
were not linked by sequence analysis (Figure 2). These patients were HBsAg
and anti-HBe-positive, and remain HBsAg-positive.

Neither had a history of

jaundice, but both were born in the Southern Mediterranean region where the
prevalence of CHB is higher than in the UK.
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Secondary transmission
50 household or sexual contacts of patients exposed to HBV were identified. 24
contacts of patients with active hepatitis B, who had no markers of previous
exposure to HBV, were vaccinated. Sexual transmission rates were very low with
only one sexual contact, of a patient lost to follow up, developing acute icteric
hepatitis B. Sequence analysis linked her infection to her partner.

Discussion
In 1998, there were 886 notifications of acute HBV infection in England and
Wales of which 201 of these were in London and 34 (17%) of these were
identified in the single source outbreak of hepatitis B arising from the alternative
medical practice of autohaemotherapy. A further 24 cases had attended this
practice for autohaemotherapy and were found to have resolved acute hepatitis
B, that is had cleared HBsAg but were positive for anti-HBc antibody. In this
group, we are unable to prove that their HBV infection was acquired from this
outbreak but if this were the situation, as is likely, then our calculations show that,
excluding the source case with CHB, four linked cases i.e., about 7.2 % of the
total, failed to clear HBsAg over a six month period and thus progressed to CHB.
This outcome is comparable with a previously reported study by Fong et al (76),
in which 6.7% of 118 patients presenting to a hepatology clinic with acute HBV
infection progressed to CHB. It is possible, however, that some of our cases with
CHB and in particular resolved AHB may have remained undetected had it not
been for the recognition of this outbreak and subsequent look back programme.
Our report emphasised that HBV poses a continuing risk in countries
where universal vaccination has not been instituted. As increasing number of
patients seek medical help through unconventional medical facilities, our findings
are a reminder of the importance of patients and dispensers of health care being
aware of the hazards of blood borne virus transmission during skin piercing
procedures.

In the absence of the strict regulations that are applied to
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conventional medicine, further outbreaks of this nature may continue to be
associated with alternative therapies.

Conclusions
On epidimiological grounds, we deduce that this large community-based
outbreak of hepatitis B was transmitted by contamination of a multi-use saline
bottle used in autohemotherapy (though the practitioner threw the bottle away
preventing virological tests being performed on the saline).

HBV sequence

amplification and phylogenetic analysis enabled linkage of this infection to a
single HBV variant.

Molecular Biology Research
The identification of patients infected in this single-source outbreak of hepatitis B
virus enabled us to perform a unique investigation into the molecular biology of
HBV to examine the relative contribution of viral factors to the variable outcome
of infection with HBV.
Ethical Committee Approval and Consent
To perform our research, both local ethical committee approval and consent
from patients (to examine blood taken prospectively during their hepatitis B
infection) was obtained (see Appendix 1).

Patient Information Sheet on acute

hepatitis B was supplied by us to all patients in the study and is shown in
Appendix 2. We were in a unique situation of being able to offer antiviral therapy
to patients who were in the incubation phase of hepatitis B infection. This posed
a dilemma, as there was no evidence from clinical trials that antiviral therapies
benefit such patients. Alpha interferon can be used for some patients with
chronic hepatitis B but previous controlled trials had not shown benefit for
patients with acute hepatitis B, probably because such patients mount an
appropriate immune response that does not require augmentation by exogenous
interferon. There was the dilemma,

however, as to whether we should
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recommend inhibitors of viral replication such as, at that time, the nucleoside
analogue Lamivudine. At the time of our research (ethics committee proposal
submitted March 1998) Lamivudine was an investigational drug without a
liscence for patients with chronic hepatitis B. There was no trial data for the use
of Lamivudine in patients with acute hepatitis B. Theoretically, it is possible that it
may ameliorate the acute hepatitic illness by reducing viral load. However,
theoretically we felt that Lamivudine may cicumvent an appropriate immune
repense leading to reactivation of hepatitis B later especially from intracellular
replicative intermediates or to the emergence of HBV variants associated with
Lamivudine resistance. We presented this information to both the ethical
committee and to patients so they were aware of the possibility of Lamivudine
therapy. During the period of follow-up we elected not to prescribe Lamivudine to
patients identified in the incubation phase of hepatitis B infection. However, in
one patient (Patient 7) Lamivudine was prescribed after several weeks when it
became clear that she was not having an appropriate immune response and
remained negative for anti-HBe with high levels of serum HBV DNA and mildly
elevated serum aminotransferases. She was an elderly lady on steroids for
advanced crptogenic organising pneumonitis for whom it was considered
important that we should try to gain suppression of her hepatitis B infection.
Research
Our investigation encompasses the first detailed study of the kinetics of acute
HBV infection in Humans, which we reported in J Ex Med (218) and forms
Chapter 2 of my thesis. We then proceeded to study the genomic diversity and
evolution of the core, polymerase, and surface regions of HBV in patients acutely
infected who developed an acute hepatitic illness or progressed to chronic
hepatitis B. Again this latter study (see chapter 3) provides unique data regarding
mutations occurring in the HBV genome and offers insight into mechanisms of
viral clearance and HBV pathogenicity. This study forms the final chapter of the
trilogy in my thesis that incorporates clinical, epidimiological, immunological, and
molecular

biological

aspects

of

acute
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infection.

Figure 1.
Hepatitis Bserdogical status at the time cf initial blood testing in dinic staff,
and patients who reoeived autohaenrothenapy.

Patients identified

(399)

Patient, sanrples

(352)

298

No serological markers of
hepatitis B

(299)

Resolved hepatitis B

M iv e Hepatitis B

(24)

(33)

Linked to
oormrDn
source

Not linked to
source

(30)

Case definitions applied were: 1) Active hepatitis B infection: HBsAg-positive. 2) Resolved
hepatitis B infection: HBsAg-negative, total anti-HBc positive and anti-HBs-positive, or anti-HBcpositive on sequential sampling, if anti-HBs-negative. 3) No serological markers of hepatitis B:
HBsAg-negative, anti-HBc-negative and anti-HBs-negative, or HBsAg-negative and anti-HBsnegative, but anti-HBc-positive in a single specimen.
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Figure 2.

Genetic relatedness of the hepatitis B virus identified in the
outbreak, by phylogenetic analysis of nucleotide sequences from a
surface gene fragment (provided courtesy of Rachel Brown).

Analysis of 66 nucleotide sequences from a 404 base pair fragment of the HBV surface
gene. Numerals designate cases identified in the investigation of this outbreak. 1 and 2
are clinic workers; 3-33 were patients at the clinic. Patients 24 and 27 were not linked
were not linked to this outbreak as they had differing HBV DNA sequence. Letters
designate patients with acute hepatitis B identified in transmission incidents that
occurred in the UK in 1997, but were not associated with the outbreak. HBV genotype
is displayed on the right axis.
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CHAPTER 2

Kinetics of Acute Hepatitis B Virus infection in
Humans
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Kinetics of Acute Hepatitis B Virus Infection in Humans

Abstract
Using patient data from the unique single source outbreak of hepatitis B virus
(HBV) infection, we have characterized the kinetics of acute HBV infection by
monitoring viral turnover in the serum during the late incubation and clinical
phases of the disease in humans.

HBV replicates rapidly with minimally

estimated doubling times ranging between 2.2 and 5.8 days (mean 3.7± SD1.5
days).

After a peak viral load in serum of nearly 10^° HBV DNA copies/ml is

attained, clearance of HBV DNA follows a two or three phase decay pattern with
an initial rapid decline characterized by mean half-life (ti/2 ) of 3.7 ±1.2 days,
similar to the ti /2 observed in the non-cytolytic clearance of cccDNA for other
hepadnaviruses. The final phase of virion clearance occurs at a variable rate
(half-life of 4.8 to 284 days) and may relate to the rate of loss of infected
hepatocytes. Free virus has a mean ti /2 of at most 1.2 ± 0.6 days. We estimate a
peak HBV production rate of at least 10^^ virions/day and a maximum production
rate of an infected hepatocyte of 200 - 1000 virions/day, on average.

At this

peak rate of virion production we estimate that every possible single and most
double mutations would be created each day.
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Introduction
The kinetics of acute hepatitis B virus (HBV) infection have previously been
studied in animal models but, until now, there has been limited quantitative data
in humans with acute infection (76, 77) and none based on the analytical
sensitivity of polymerase chain reaction based assays. Thus, the quantitation of
the kinetics of self-limited acute infection has not been adequately studied.
We reported a large, common source outbreak of acute hepatitis B,
caused by transmission of a single HBV variant by ‘auto-haemotherapy’ (see
Chapter 1 and Webster et al (214)). As a result of the early identification of
patients infected with HBV in this outbreak, we could analyze data from several
patients acutely infected from the same source prior to symptoms, and
seroconversion to anti-HBe, i.e., during both the late incubation and clinical
phases of the disease. This chapter relates to an investigation we performed on
the dynamics of primary HBV infection in humans and estimates of rates of viral
production and clearance. From serial measurements of serum HBV DNA, we
estimate viral doubling times, and the time between infection and peak viral level.
After the peak, viral levels decay in several phases which may correlate with
underlying biological mechanisms encompassing decay of covalently closed
circular (ccc) DNA, loss of infected hepatocytes, and clearance of free virus.
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Patients and Methods
Patients and Data
HBV DNA and alanine transaminase (ALT) levels in serum were obtained for
seven patients with primary HBV infection (Fig. 3). Serology for Hepatitis B
surface antigen (HBsAg), hepatitis B e antigen (HBeAg), anti-HBe antibody (antiHBe), and antibody to hepatitis B core

(anti-HBc) status is shown in Fig. 4.

Patient 7, who developed chronic hepatitis B infection, was identified in the
incubation phase of infection and subsequently was commenced on the reverse
transcriptase inhibitor lamivudine. Sequencing of HBV DNA, from serum samples
obtained at presentation, showed identical nucleotide sequence for the surface
and core encoding regions in all of these patients. Thus, all patients were
infected with an identical isolate of HBV and had a common source and mode of
transmission.
Biochemistry and HBV serology
ALT was measured by an in-house radioimmunoassay (Royal Free Hospital,
London, UK). HBsAg, anti-HBc IgM, HBeAg, and anti-HBs were determined by
commercially available enzyme immunoassay kits (Hepanostika Uni-Form II,
Organon Teknika, Boxtel, Netherlands; Murex Biotech Ltd, Dartford, England;
IMX Abbott GmbH Diagnostika, Wiesbaden-Delkenheim, Germany).
HBV DNA Quantification
Serum samples for HBV DNA quantification were obtained prospectively and
stored at -20°C. To reduce inter-assay variability, all samples derived from each
patient were analyzed in the same assay, incorporating up to 41 samples. HBV
DNA concentrations

in serum were measured by the AMPLICOR

HBV

MONITOR test (Roche Diagnostics Systems, Branchburg, NJ, USA) which is a
quantitative

polymerase

chain

reaction

(PCR)

based

assay

and

the

manufacturer's instructions were followed throughout. Briefly, a 104 bp sequence
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of the pre-core/core region of HBV is amplified along with an internal standard
(IS) to monitor the efficiency of the amplification reaction, one of the primers
being biotinylated. Six HBV DNA standards (range 0-10® copies) are amplified at
the same time. The amplicons are denatured and the biotinylated strand
immobilized on a streptavidin coated microwell plate. Dinitrophenol (DNP)
labeled oligonucleotide probes specific for HBV and the internal standards were
then hybridized to the immobilized amplicons. After washing, the bound probe is
quantitated using an ELISA procedure with anti-DNP-alkaline phosphatase
conjugate and para-nitrophenylphosphate substrate. Absorbance of sample/HBV
probe and sample/IS probe is measured at 405nm. The HBV to internal standard
signal ratio is calculated to correct for sample to sample differences in
amplification efficiency. Finally, the ratios from the unknowns are compared to a
standard curve generated from the HBV standards and the HBV concentrations
of each sample are calculated. The assay quantitates virus between 4x10^ and
4x10^ particles per ml. Samples exceeding the upper limit were diluted in normal
human serum and retested. Comparative quantitation of HBV DNA by this assay
have previously been reported (156, 168).
Kinetics of HBV
Mathematical studies of HBV replication and clearance were performed with
valuable help from Dr Alan Perelson of the Theoretical Division, Los Alamos
National Laboratory, Los Alamos, New Mexico, USA.

Results
Viral doubling times and time o f infection
Patients 1 , 2 , 5 , and 6 were identified in the incubation period when viral levels
were below their eventual peak. For each of these patients, the doubling time of
serum HBV DNA (r^) was estimated and ranged between 2.2 days and 5.8 days
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with a mean of 3.7± 1.5 days. Because data was collected near the peak viral
load, the true doubling times may have been underestimated.
The time cf infection relative to the viral peak,

was estimated

assuming that the infecting inoculum contained 10^ HBV DNA particles (similar to
that of a needle stick injury) (104) and distributed throughout 3 liters of serum
(Fig. 3). It seemed reasonable to assume that the amount of HBV contaminated
blood introduced into the multi-dose saline vial used to spread the infection was
small because there was no obvious discoloration. This analysis yielded a mean
time to infection before the viral peak of 127 ± 46 days. Analyzing the patient with
the fastest doubling time, Patient 2, where we may have caught the earlier
stages of viral rise and hence obtained a more accurate estimate of the initial
doubling time, the estimated time until peak virus level after infection was 80
days. This is consistent with the 60 to 110 day incubation period for the majority
of HBV infections in humans (132) and the 8-week time prior to viral peak for
chimpanzees inoculated with a larger HBV dose (88). Furthermore, in Patient 2,
the time of infection was calculated to be around 29 January, a date which
coincides with her attendance for auto-hemotherapy on a weekly basis from 12
January to 16 February. This provides some validation of our assumption that the
infecting

inoculum contained

approximately

10^ HBV

DNA particles,

but

unfortunately the inoculum was not available for examination and confirmation of
the exact HBV content.

However, we calculate that each 10-fold error in the

initial concentration of HBV would change the estimate of the time from infection
to the viral peak by 12.3 days. Because Patient 2 could only have been infected
whilst she attended for autohaemotherapy, our estimate for her date of infection
is at most off by 18 days, and thus the potential miscalculation of the dose is at
most by a factor of 10^
H alf lives o f viral decay
The decline in serum HBV DNA was multi-phasic with an initial rapid decline over
several days followed by a slower decline over several weeks. In Patients 2 and
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6, the transition between these phases was characterized by a rapid fall in viral
DNA, which may represent a combination of both phases or a separate biological
process. Using linear regression we estimated the rate of viral decay for each
dominant phase (Figure 5), and calculated the corresponding half-lives
The initial decline in serum viremia was exponential as demonstrated by a
straight-line fit to the data on a semi-logarithmic plot with a mean

statistic of

0.90 (excluding Patient 7 who was on lamivudine therapy). The first phase decay
of viral DNA had a mean half-life of 3.7 ± 1.2 days.
The final phase decay of viral DNA had a range of estimated half-lives that
varied from 4.8 to 284 days, although we have limited confidence in the long halflife estimates. If we consider only those final phases where the regression lines
have an

statistic of 0.8 or better, then the range of half-life values was 4.8 to

17 days with a mean of 12 ± 6 days. This range is consistent with the half-life of
infected hepatocytes as estimated using mathematical models in studies of
patients chronically infected with HBV treated with lamivudine (half-lives of 10 to
100 days) (158) or adefovir (half-lives of 18 ± 7 days) (208).
Free virus halNlfe
Based on drug perturbation experiments (158, 208) as well as estimates of the
half-life of other viruses, the half-life of HBV in serum is expected to be short and
clearance of HBV should be the fastest kinetic process that we observe.

We

thus estimated the half-life of free virus by examining the rate of change of HBV
DNA levels between individual data points. We excluded from the calculations
Patients 3, 4, and 5 because the time between data points was relatively large
and would tend to mask the faster half-lives. A histogram of the half-lives in the
range 0 to 6 days is shown in Fig. 6.
The histogram in Fig. 6 displays two clusters of half-lives, the shortest
between 0.3 and 2.7 days, and the second between 3.7 and 5.8 days. The
second cluster is confirmation of the first phase half-life of 3.7 ± 1.2 days
discussed above. Under the assumption that the shortest half-lives seen in the
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data correspond to the decay of free virus (208), (158), we estimated the mean
virion half-life by fitting a lognormal distribution to the data in the first cluster (see
Fig. 6). This gave a mean half-life of free virus of 1.2 ± 0.6 days. The median of
this set of half-lives was 1.1 days. This is consistent with the values estimated in
treatment studies for chronic HBV showing a free virus half-life of 1.1 days (for
adefovir (208)) and 1 day (for lamivudine (158)). As the smallest time between
data points was one day there is an inherent bias towards underestimating these
decay rates by our method. Consequently, the value derived here provides an
underestimate of the decay rate and therefore an overestimate of the half-life.
The same caveat can be placed on the literature estimates, where viral levels
were measured every 7 days in one study (208), and on days 0, 2 , 7 , and weekly
thereafter in the other (158).
Peak viral levels and rate o f virion production
For the five patients where the first serum HBV DNA measurement was at or
before the peak level, the maximum logio viral level was determined. The mean
maximum log 10 viral level was 9.5 ± 0.5. The three largest logio values were
9.8, 9.6 and 10.
A possible explanation for the uniform maximum serum HBV DNA levels
seen, and indeed the stable high level for the chronically infected Patient 7, is
that at the peak of infection nearly all hepatocytes are infected. This would be in
agreement with animal studies in which immuno-histochemical analysis of liver
specimens using antibody directed against the HBV core antigen has shown a
greater than 95% infection of hepatocytes in acutely infected woodchucks (91).
If in acute infection most hepatocytes become infected, then we can
estimate the daily production of virus by an infected cell. When the peak viral
load is reached the amount of virus in the serum is neither increasing nor
decreasing so that the infection process is in steady state where the rate of viral
production equals the rate of virion clearance. If there are I infected cells, each
producing an average of p virions per day, then the rate of virion production is
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p i . If the peak viral burden is V and free virions are cleared at rate c per virion,

then the total rate of clearance is c V . The estimated average half-life of free
virions of 1.2 days, implies that c = 0.58 day'V HBV is clearly present in the 3
liters of serum (3 x 10^ ml) of the prototypical 70 kg person. Its presence in the
rest of body water is not well characterized. Thus, we obtain as a minimal
estimate that in a person with a peak value of 10^° HBV DNA/ml, V = 3 x 1 0 * ' ^
virions. If virus is present in all 15 liters of body water at the same concentration
as serum, then V = 15 x 10^^ virions. Thus, the daily clearance (and daily
production at steady state) cV is between 1.7x10'^ and 8.7 x 10^^ virions. If
there are 10^^ hepatocytes in a typical adult liver (190) and 85% are infected,
then to attain a peak viral load that is at steady state each infected hepatocyte
would need to produce 200 - 1000 virions per day. Virions are produced via
transcription of cccDNA within the nucleus of infected hepatocytes forming RNA
pregenomes that are subsequently reverse transcribed to form the virion HBV
DNA (131). If there are 10-50 cccDNA per infected hepatocyte (209), we deduce
that each cccDNA gives rise to a daily production of 4-100 new extracellular
hepatitis B virions. This deduction does not take into account possible sub
populations of human cccDNA with potentially differing transcriptional activity, as
has been reported for duck HBV DNA (154).
Basic Reproductive Number
The basic reproductive number, Ro, is an estimate of the number of secondary
infections that arise from one infected cell over the course of its life span at the
beginning of infection when cells susceptible to infection (target cells) are not
depleted. If Ro is greater than 1, then the infection grows, while if Ro is less than
1 then the infection dies out. From a standard model of viral infection that has
been applied to SIV (159) and HIV (119) infection in which it is a assumed that
there is a delay of t days from the infection of a cell to the production of progeny
virions, one finds that Ro = (1 + ro/6) exp (rox), where ro is the initial growth rate of
the virus and ô is the loss rate of an infected cell by death or other mechanisms.

43

Using the estimates of the viral doubling time td given in Fig. 3 we can estimate
fo, since by definition td = In 2/ro = 0.693/ro. If we further assume that the final

phase of viral decay reflects the loss of infected cells, then from the half-lives
reported in Fig. 5 we can estimate 5 since by definition U/2 = 0.693/5. For patient
6 the estimate of the final phase half-life is not reliable, but for patients 1, 2 and 5

the

statistic suggests that the estimates shown in Fig. 5 are valid. Computing

the basic reproductive number for these patients assuming a 1 day delay
between infection and viral production, we find Ro = 3.1, 7.5, and 4.4, for patients
1, 2, and 5, respectively, with a mean of 5.0. These estimates are most likely

underestimates of Ro since the number of target cells may have been reduced by
the time the patients were first identified and our estimate of ro may be an
underestimate of the true initial viral growth rate. Patient 2, the patient with the
lowest initial viral load and hence the patient for whom the estimate of initial viral
growth may be most accurate has Ro = 7.5. These estimates suggest that early
in acute infection each HBV infected cell will infect 5 or more other cells.
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Figure 3. Serum logio HBV DNA copies per ml and serum Ioqio ALT (alanine
aminotransferase) lU/L values are displayed over the period of observation. In
only one patient was there a serious co-morbid condition - Patient 7 who had
cryptogenic organizing pneumonitis for which she was maintained on long-term
steroid therapy prior to her autohemotherapy. Patient 7 failed to clear HBsAg,
perhaps because of immunosuppresion, and was commenced on lamivudine 100
mg daily, which is denoted by 'L' in the graph. Four patients were identified in the
late incubation phase of acute infection when the initial serum HBV DNA was
below the eventual peak. Doubling times for serum HBV DNA (/^) were
estimated by determining the rise in logio viral level between the first and second
measurements (filled circles). The estimated time of infection ( r j prior to peak
serum HBV DNA was determined using these doubling times.
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Figure 4. HBsAg, HBeAg, anti-HBe, and anti-HBc for the seven patients. Black
denotes a positive assay, white a negative assay, and gray indicates time
between a positive assay and a negative assay.
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Figure 6. Histogram of half-lives in the range 0 to 6 days for patients 1, 2 , 6 , and
7, obtained by determining the slopes between consecutive data points. Each
slope was counted a number of times depending on the magnitude of the viral
change. For example, if a half-life of one day was measured between time points
ten days apart, it was counted ten times as many as a half-life of one day
measured between time points one day apart.
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Discussion
For Patients 1, 2, and 6 (Fig. 3), the initiation of clinical symptoms of acute
hepatitis B infection coincided with the peak or the initial decline in serum HBV
DNA levels. At this stage, symptoms were mild and consisted only of non-specific
lethargy, malaise, myalgia, and headache. By the time jaundice set in, 2-6 weeks
after the peak in serum HBV DNA, symptoms were deteriorating and viral levels
were substantially reduced to around 10^-10^ copies/ml.
Interestingly, a faster viral doubling time appeared to correlate with the
severity of acute infection. Hence Patient 2 with the shortest

became

considerably jaundiced with a serum bilirubin peaking at 847 mmol/pl (normal
range 5- 17 mmol/pl) and experienced a decline in hepatic synthetic function with
a serum albumin of 27 g/l (normal range 35-50 g/l) and a prolonged prothrombin
time of 24.7 s (normal range less than 16 s). This was in contrast to Patients 1
and 6, with doubling times of 3.2 and 3.6 days respectively, who retained normal
hepatic synthetic function though they did become jaundiced with serum bilirubin
as high as 429 mmol/pl and 98 mmol/pl, respectively. Patient 5 with the longest
of 5.8 days had a relatively mild illness, neither developing jaundice nor
impairment of hepatic synthetic function. However, due to the limited sample
size, these observations have no statistical power.
In this study we are able to characterize the kinetics of HBV clearance
using a quantitative, sensitive assay for HBV DNA. The reason for the rapid first
phase (3.7± 1.2 days) and subsequent phases of viral clearance are, however,
unclear from our data.

The resolution of acute hepatitis B involves a complex

interplay of innate and adaptive immune responses and cellular and humoral
immunity.

In animal models, it has been suggested that the mechanism

underlying initial viral clearance is the noncytopathic removal or inhibition,
possibly by cytokines, of covalently closed circular DNA (cccDNA) replenishment
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(88). In our study, the mean half-life for the first phase of viral clearance is
consistent with values obtained in animal models for the half-life of cccDNA (57,
63). This suggests that the mechanism underlying the first phase of viral decay
may indeed be related to clearance of cccDNA; however, we cannot exclude the
possibility of inhibition of down stream steps in the viral life cycle, such as viral
RNA, but proof of this requires direct experimental evidence. We have not made
measurements of intrahepatic replicative intermediates of HBV DNA, nor of
intrahepatic cellular immune responses. Thus, the sequential role of innate
immunity, cytokine mediated down-regulation of HBV DNA, antigen-specific
immune responses and antibody neutralization can only be speculated on;
however quantitative analysis hints at their importance.

The non-specific

symptoms experienced by patients as virus titre starts to fall, are similar to those
experienced by patients treated with alpha interferon, suggesting a role for
cytokine-mediated noncytolytic downregulation of the infection. However, proof
would require accurate, repeated measurements of cytokines and replicative
intermediates of hepatitis B viral DNA within the liver of acutely infected patients,
and intrahepatic cytokine concentrations, but these studies, in patients with acute
resolving hepatitis B, are ethically inadmissible.
The cccDNA is the transcriptional template for HBV replication (131, 195,
209). The loss of replicative templates thus would be expected to decrease the
ability of infected cells to produce HB virions, and hence serum viral DNA should
decrease accordingly.

Thus, the administration of a reverse transcriptase

inhibitor would abrogate the replenishment of the cccDNA pool resulting in a
decline of serum HBV DNA as cccDNA decays or cells harboring HBV cccDNA
die. Patient 7, who remained negative for anti-HBe antibodies, was started on the
reverse transcriptase inhibitor lamivudine. In support of the argument that the first
phase of viral clearance is due to noncytopathic removal or inhibition of cccDNA
replenishment, lamivude treatment resulted in a rate of decline of serum HBV
DNA similar to the rate of viral decline observed during the first phase in patients
not treated with lamivudine.
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HBV is thought to be a non-cytopathic virus and that cytotoxic Tlymphocytes mediate clearance of HBV infected cells through a cytolytic process
(51, 144). Serum ALT is a surrogate marker of cytolysis of hepatocytes (74, 107).
Consistent with the proposed non-cytopathic nature of HBV, we observed for
Patients 2 and 6 that until the peak viral load was reached they remained
asymptomatic with normal serum ALT (Fig. 3). For Patients 1 , 2 , 3 , 4, and 6,
serum ALT peaked at 14+ 6 days following the peak in serum HBV DNA level. By
the time the peak serum ALT was achieved there was at least a one log, that is
90%, fall in the serum HBV DNA level. Therefore, our data suggests that the
initial clearance of HBV is a process commenced prior to the main cytolytic loss
of infected hepatocytes. This is in agreement with recent evidence from Guidotti
et al. (88) that indicates in the chimpanzee 90% of acutely HBV infected
hepatocytes are cleared of infection by non-cytolytic processes.
We studied cellular immune responses in five HLA-A2 positive patients
identified in this outbreak, with patients 1 to 5 in (215) corresponding to patients
1 , 4 , 6, 2, and 7, respectively, of this study. Quantification of HBV-specific CD8+
cells, in blood, using HLA class I tetramers, suggest that adaptive immune
mechanisms are present during the incubation phase, at least four weeks before
symptoms (215). Our results have also suggested that the pattern of reduction in
HBV replication is not directly proportional to tissue injury during acute hepatitis B
in man. Since virus-specific immune responses and significant reductions in viral
replication are seen during the incubation phase,

it is likely that some

immunological events central to viral control occur prior to symptomatic disease.
Thus overall our data are in general agreement that non-cytolytic processes may
contribute to the initial control of the virus but mechanisms involving cytolysis are
also involved at this early stage. It is of note that in each of the patients that we
studied, the initial fall from peak viral load was associated with some elevation of
ALT. However, given that the peak ALT occurred 14 ± 6 days following the peak
in serum HBV DNA level, the cytolytic mechanisms of viral clearance may take
longer to initiate than noncytolytic mechanisms and may play a greater role once
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there has been a substantial fall in the serum viral load. After the initial decline in
serum HBV levels, there appears to be a slower final phase of viral clearance
characterized in a subset of patients by a half-life of 12 ± 6 days, that coincides
with previous estimates of the rate of removal by the immune system of infected
hepatocytes (158, 208). The fact that serum aminotransferases are raised during
this phase suggests that the latter phase may be related to death of hepatocytes
by apoptosis and hepatocellular necrosis.
Antibodies to pre-SI appear early in acute hepatitis B and may be
important in elimination of viremia (79). We have not examined whether one of
the phases of viral clearance - perhaps by the inhibition of HBV attachment to a
hepatocyte receptor or the regulation of intra-hepatic DNA levels and viral
assembly - could be due to pre-SI antibody. The pre-SI protein (large HBsAg
protein) is an essential component of the envelope of HBV virions, but is also
found, although in far smaller amounts, on HBV tubular filaments (but not on 20
nm circular particles) (98). We have no measure of the relative proportions of
mature virions to filaments in plasma during the phases of acute hepatitis B, nor
of antigen antibody complexing of anti-pre-S1 to expressed pre-SI, which if
present could potentially limit the usefulness of anti-preSI measurements.
However, recently a good correlation was observed between pre-SI antigen
measured by enzyme linked immuno-assay, and HBV DNA measured by the
Roche Amplicor assay (113). Thus, we believe that our measurements of viral
kinetics are valid but careful quantitation of pre-SI antigen, antibody and
intracellular HBV DNA in animal models could shed further light on mechanisms
of viral clearance in future studies.
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Conclusions
Using a unique cohort of primary HBV infected patients, we have characterized
the early kinetics of HBV infection, during the late incubation phase and early
clinical period of acute hepatitis B.

We have shown that HBV can double as

rapidly as every 2.2 days leading to the creation of viral loads that peak near 10^°
HBV DNA copies (or particles)/ml at times as early as 80 days post infection. Our
analysis suggests that even though extremely high serum viral loads are
attained, if the vast majority of hepatocytes become productively infected then
each cell need only produce 200 - 1000 virions per day at the peak of infection.
However, as noncytolytic processes diminish cccDNA, we would predict the
virion production rate to drop dramatically. While the virion production rate in
infected humans is not known, Lin et al. (118) have shown that in duck HBV
(DHBV) infection the total DNA load in the liver is about 500 copies per cell,
which although it includes the DHBV cccDNA, is in the range that we predict for
humans during acute infection.
Variability in HBV doubling times was observed among patients, even
though the patients were infected from the same source. More rapid daily
replication of HBV appeared to be associated with an increase in severity of
acute hepatitis suggesting that host factors play an important role in determining
both HBV dynamics and the severity of subsequent liver disease.
From the estimated HBV doubling times and the half-life estimates of
productively infected cells obtained from an examination of the final phase of viral
decay, we were able to obtain the first estimates of the basic reproductive
number (Ro) for HBV. This number indicates how many cells are infected by the
progeny virions produced by an infected cell early in acute infection, i.e., before
target cells are depleted. For the three patients for whom we could do this
analysis, Ro ranged between 3.1 and 7.4 with a mean of 5. In HIV infection Rq
has been estimated as 19.3 (119). Any intervention that reduces Ro below one
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results in fewer than one secondary infected cell arising from each initial infected
cell. Thus, the size of Ro provides an estimate of how difficult it should be to
extinguish infection via therapy, vaccination, or host response.

The most

accurate estimates of the basic reproductive number are when target cells are
unlimited. It is therefore likely that the estimates here are a small underestimate
of the true Ro, since target cells are likely to be depleted during the course of
acute hepatitis B infection. However, in keeping with other studies, such as those
for acute HIV infection it is unlikely that this underestimate will substantially
increase the value of Ro(H9 ). The significantly smaller Ro that we report for HBV
compared to that of HIV is in agreement with the observation that the vast
majority of immunocompetent adults that are infected with HBV never develop
chronic infection (103) and the efficacy of HBV vaccination (196).
If Ro can be reduced below 1, say by vaccination, then infection should die
out. However, bile duct cells and extra-hepatic compartments may be a reservoir
for hepadnaviruses that may harbor virus for long periods - although, at present,
it would appear that in humans, the major burden of HBV replication occurs in the
hepatic compartment (118).
Each virion undergoes reverse transcription before its expulsion from an
infected cell. Since HBV reverse transcriptase contains no error correction
mechanism, this is an inherently error prone process. The in vivo HIV error rate
for reverse transcription is estimated as 3.4x10“^ base substitutions per site per
replication cycle (128). If we assume conservatively that the error rate for HBV to
be lower at say 10"^ base substitutions per site per reverse transcription then we
can estimate the likely number of virions that contain mutations from wild type.
With 3,200 bases in the HBV genome, the average number of base changes is
0.0032 per reverse transcription and hence per virion. According to the Poisson
distribution, we thus expect approximately 0.32% of new virions to have a single
mutation. Our calculations show that more than 10’^ virions are produced daily
and observed in the blood at peak infection. Therefore we would expect at least
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3.2x10’® point mutations to be produced per day, vastly more than the possible
number of different single base changes in the HBV genome (Table 4). Hence,
we would expect all possible single base changes to be produced per day at
peak infection. The calculations in Table 4 show that this is also true for the
majority of double mutations. This has important consequences for the
development of mutations that escape the immune response, and also for
mutations that provide resistance to reverse transcriptase inhibitors.
Further characterization of the kinetics of acute HBV infection should lead
to better understanding of the biological processes underlying the virological,
immunological and liver pathological aspects of the resulting hepatitis.

Base
changes

Fraction

0
1
2
3

0.9968
0.0032
5x10“"
5.4x10"

Number
created per
day
9.97x10’"
3.2x10’®
5x10"
5 4x10"

Number of
possible
mutants*

Fraction of all
possible mutants
created per day

9.6x10"
4.6x10"
1.5x10”

1
0.66
3.6x10“"

where n = 3200 is the genome length and i is the number

^Computed as 3'
V J

of base changes.

Table 4. Rate of generation of HBV mutants at peak infection.
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CHAPTER 3

Evolution of Hepatitis B Virus Genome during
Primary Infection in Humans
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Evolution of Hepatitis B Virus Genome during Primary Infection
in Humans
Abstract
To study HBV evolution in vivo, we evaluated over 1MB-pairs of genetic sequences from
PCR-clones obtained prospectively, incorporating incubation phase, in six patients with
acute resolving hepatitis and four patients who progressed to chronic infection. Two
genetic loci were analysed

(3 ORF; core, surface, and polymerase). W e used

denaturing gradient gel electrophoresis to screen PCR-clones for mutations. 95
mutations were found, consistent with a relatively stable genetic population. The majority
of mutations were non-synonymous (average 81%) indicating selection at the protein
level. Patients with acute resolving hepatitis B exhibited a higher genetic diversity
(quantified by mean Hamming distances, Hd) in the core region and an increased
mutation frequency in surface/polymerase region compared to chronic infection. A rapid
expansion in Hd occurred in the core region between the earliest time during acute
infection and the peak viral load and then a subsequent contraction in Hd as viral load
declined.
All non-synonymous mutations detected in the core region occurred in regions
mapped as B (including anti-HBe), CD4+ or CD8+ epitopes. Non-synonymous mutations
also occurred in the highly conserved region of the polymerase gene, and in CTL
epitopes and B cell a determinant of HBsAg. Extensive deletions encompassing these
epitopes were found in all these ORF's. Three of the acute resolving and one chronic
patient were HLA A*0201 phenotype. All three patients with acute resolving hepatitis
developed both CD8+ T-cells directed at, and mutations within, this epitope; whereas the
patient who developed chronic infection did not. However, our study demonstrated that
patients with acute HBV infection and variants with mutation within immune epitopes
ultimately cleared HBV from serum indicating that the broadly reactive nature of the
immune response was capable of clearing such evolving mutants and preventing viral
persistence.

We speculate that increased emergence of variants leads to greater

virulence, as indicated by raised LFT's during the acute illness, due to the increased
immunological burden they present to the host.
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HBV Genomic Structure, Organisation and Proteins
HBV is a hepatotropic enveloped virus measuring 42 nm in diameter making it
the smallest DNA virus known to infect man.
The genome is circular with partially double-stranded DNA (203). It
consists of a long strand, which has a negative polarity (so it is also referred to as
the minus-strand), and a short strand, which has a positive polarity (plus-strand).
From the 5' terminal, there are 224 complementary bases that overlap. It is this
overlap, along with the differing polarities of the strands, that enables the DNA to
circularise. The minus-strand is approximately 3200 nt in length with a 5'
covalently linked protein, called the terminal protein. The 5' end of the plus-strand
is always fixed in the same position which is approximately 200 nt from the 5' end
of the minus-strand. The plus-strand can vary in length from 1700 to 2800 nt. The
single stranded region therefore varies in length between 650 and 700 nt.
The HBV genome has four open reading frames (ORFs): P, C, S, and X.
These ORFs respectfully code for the viral polymerase (P); the core (C) protein;
the surface (S) or envelope proteins preSI, preS2, and hepatitis B surface
antigen (HBsAg); and the transactivating (X) protein (203) (Figure 7). This gives
rise to a double-shelled protein structure: the inner shell comprises the hepatitis
B core antigen (HBcAg), a nucleocapsid protein that contains the viral genome,
and the viral DNA polymerase; the outer shell (envelope) comprises the hepatitis
B surface antigen (HBsAg) and two other longer polypeptides, the middle and
large S proteins (see Figure7).
The P-ORF is the largest ORF and covers approximately 80% of the
genome. The organisation is compact, because ORF P overlaps with other ORFs
over 63% of its length. ORF S is contained completely within ORF P, whereas
ORFs 0 and X overlap ORF P with 23% and 39% of their sequence lengths,
respectively (141). The overlapping nature of the ORFs allows the virus to code
for more protein per nt than any other known virus.
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Patients from the outbreak were infected with HBV whose sequence
correlated with that of Genotype D and subtype ayw. An example of the complete
genomic sequence for Genotype D subtype ayw (223) was found in GenBank
using blast search to find a sequence in the data bank that has the closest
degree of nt identity with the sequences that we obtained and is shown in figure
8. The encoding nt and aa sequences for the translated precore/core,
preS1/preS2/S envelope, and DNA polymerase/reverse transcriptase protein
products are shown in Figures 9, 10, and 11.

59

Figure 7. Genomic organisation of HBV, Genotype D, subtype ayw.

The HBV genome is circular with partially double-stranded DNA and four open
reading frames (ORFs): P, C, S, and X. These ORFs respectfully code for the
viral polymerase (P); the core (C) protein; the surface (S) or envelope proteins;
and the transactivating (X) protein (203).
The Core gene encodes for three proteins including precore (encoded by
nt 1814-1900), hepatitis B core antigen (HBcAg, encoded by nt 1901-2452) and
hepatitis B e antigen (HBeAg, encoded by nt 1871-2350).
There are three surface proteins: large (encoded by preSI + preS2 + S
ORF), middle (encoded by preS2 + S ORF), and small or HBsAg (encoded by S
ORF) proteins.
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Figure 8. The complete genomic sequence of HBV subtype ayw, genotype D.
1
61
121
181
2 41
301
3 61
421
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541
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721
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8 41
901
961
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1081
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12 01
12 61
1321
13 81
14 41
1501
15 61
1621
1681
17 41
18 01
18 61
1921
1981
2041
2101
2161
2221
22 81
23 41
2401
24 61
2521
2581
2 641
2701
27 61
2821
28 81
2941
30 01
30 61
3121
3181

ctccacaatc
ttccaccaaa ctctgcaaga
tggtggctcc
agttcaggaa cagtaaaccc
aatcttctcg
aggattgggg accctgcgct
aggacccctg
ctcgtgttac aggcggggtt
gcagagtcta
gactcgtggt ggacttctct
tggccaaaat
tcgcagtccc caacctccaa
tcctggttat
cgctggatgt gtctgcggcg
atgcctcatc
ttcttgttgg ttcttctgga
aattccagga
tcttcaacca ccagcacggg
aggaacctct
atgtatccct cctgttgctg
tattcccatc
ccatcatctt gggctttcgg
tttctcctgg
ctcagtttac tagtgccatt
tgtttggctt
tcagttatat ggatgatgtg
gagtcccttt
ttaccgctgt taccaatttt
aacaaaacga
aaagatgggg ttactcttta
gggtcattgc
cacaagatca catcatacag
gttaacaggc
ctattgattg gaaagtctgt
gcccctttta
cacaatgtgg ttatcctgct
aagcaggctt
tcactttctc gccaacttac
ctttaccccg
ttgcccggca acggccaggt
actggctggg
gcttggtcat gggccatcag
ccgatccata
ctgcggaact cctagccgct
attctcggga cggataactc tgttgttctc
ctaggctgtg
ctgccaactg gatcctgcgc
ctgaatcccg
cggacgaccc ttctcggggc
ctgccgtttc
gtccgaccac ggggcgcacc
tctcatctgc
cggtccgtgt gcacttcgct
tgaacgccca
ccaattcttg cccaaggtct
tgtcaacgac
cgaccttgag gcatacttca
tgggggagga
gattagatta aaggtctttg
gcgcaccagc
accatgcaac tttttcacct
tgttcaagcc
tccaagctgt gccttgggtg
agaatttgga
gctactgtgg agttactctc
acgagatctt
ctagataccg cctcagctct
ttgttcacct
caccatactg cactcaggca
tctggccacc
tgggtgggtg gtaatttaga
ttatgttaac
actaatatgg gcctaaagtt
tctcactttt
ggaagagaaa cagtcataga
cactcctcca
gcttatagac caccaaatgc
tgttgttaga
cgacgaggca ggtcccctag
gtctcaatcg
ccgcgtcgca gaagatctca
ggactcataa
ggtgggaaac tttacggggc
ctcattggaa
aacaccatct tttcctaata
gtgaacaatt
tgtaggccca ctcacagtta
ctgctaggtt
ttatccaaat gttaccaaat
attatccaga
atatctagtt aatcattact
ggaaggcggg
tatattatat aagagagata
catattcttg
ggaacaagag ctacagcatg
ggattctttc
ccgaccacca gttggatcca
tgggacttca
atcccaacaa ggacacctgg
tacgggctgg
gattcacccc accgcacgga
ggcatactac
aaaccttgcc agcaaatccg
aggcagccta
cccctctgtc tccacctttg
aa

tcccagagtg
tgttccgact
gaatatggag
tttcttgttg
caattttcta
tcactcacca
ttttatcatc
ctatcaaggt
accatgcaga
taccaaacct
aaaattccta
tgttcagtgg
gtattggggg
cttttgtctt
catttcatgg
aaaatcaaag
caacgtattg
ttaatgccct
aaggcctttc
ctatgccaag
cgcatgcgtg
tgctttgctc
tcccgcaaat
gggacgtcct
cgcttgggac
tctctttacg
tcacctctgc
tacataagag
aagactgttt
tattaggagg
ctgcctaatc
gctttggggc
gtttttgcct
atatcgggaa
agcaattctt
agatccaata
caggcaacta
gtatttggtg
ccctatctta
aagaagaact
atctcgggaa
tttattcttc
tacatttaca
atgaaaaaag
atttgccatt
tccaaaccag
caacacatag
gggcagaatc
gccttcagag
ccagacgcca
ggccttttgg
cctcctgcct
agaaacactc
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agaggcctgt
actgtctctc
aacatcacat
acaagaatcc
gggggaacta
acctcctgtc
ttcctcttca
atgttgcccg
acctgcacga
tcggacggaa
tgggagtggg
ttcgcagggc
ccaagtctgt
tgggtataca
gctatgtcat
aatgttttag
tgggtctttt
tgtatgcatg
tgtgtaaaca
tgtttgctga
gaacctttct
gcagcaggtc
atacatcgtt
ttgtttacgt
tctctcgtcc
cggactcccc
acgtcgcatg
gactcttgga
gtttaaagac
ctgtaggcat
atctcttgtt
atggacattg
tctgactttt
gccttagagt
tgctgggggg
tccagggacc
ttgtggtttc
tctttcggag
tcaacacttc
ccctcgcctc
tctcaatgtt
tactgttcct
ccaagacatt
aagactgcaa
ggataagggt
acattattta
cgcctcattt
tttccaccag
caaacaccgc
acaaggtagg
ggtggagccc
ctaccaatcg
atcctcaggc

atttccctgc
acatatcgtc
caggattcct
tcacaatacc
ccgtgtgtct
ctccaacttg
tcctgctgct
tttgtcctct
ctcctgctca
attgcacctg
cctcagcccg
tttcccccac
acagcatctt
tttaaaccct
tggatgttat
aaaacttcct
gggttttgct
tattcaatct
atacctgaac
cgcaaccccc
ggctcctctg
tggggcaaac
tccatggctg
cccgtcggcg
ccttctccgt
gtctgtgcct
gagaccaccg
ctctctgtga
tgggaggagt
aaattggtct
catgtcctac
atccatataa
ttccttcagt
ctcctgagca
aactaatgac
tagtagtcag
acatttcttg
tgtggattcg
cggagactac
gcagacgaag
agtattcctt
gtctttaacc
atcaaaaaat
ttgattatgc
attaaacctt
cacactctat
tgtgggtcac
caatcctctg
aaatccagat
agctggagca
tcaggctcag
ccagtcagga
catgcagtgg

Figure 9. The sequence of nt for the Core gene and aa of the translated products
precore (encoded by nt 1814-1900, highlighted in green) and core protein
(encoded by nt 1901-2452, highlighted in yellow).
1801 gcgcaccagc acci
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461

agaatttgga
acgagatctt
ttgttcacct
tctggccacc
ttatgttaac
tctcactttt
cactcctcca
tgttgttaga
gtctcaatcg
ggactcataa

gctactgtgg
ctagataccg
caccatactg
tgggtgggtg
actaatatgg
ggaagagaaa
gcttatagac
cgacgaggca
ccgcgtcgca
ggtgggaaac

agttactctc
cctcagctct
cactcaggca
gtaatttaga
gcctaaagtt
cagtcataga
caccaaatgc
ggtcccctag
gaagatctca
tttacggggc

gtttttgcct
atatcgggaa
agcaattctt
agatccaata
caggcaacta
gtatttggtg
ccctatctta
aagaagaact
atctcgggaa
tttattcttc

jatggacattg
tctgactttt
gccttagagt
tgctgggggg
tccagggacc
ttgtggtttc
tctttcggag
tcaacacttc
ccctcgcctc
tctcaatgtt
tactgttcct

atccatataa
ttccttcagt
ctcctgagca
aactaatgac
tagtagtcag
acatttcttg
tgtggattcg
cggagactac
gcagacgaag
agtattcctt

MDIDPYKEFGATVEL

translation="

LSFLPSDFFPSVRDLLDTASALYREALESPEHCSPHHTALRQAILCWGELMTLATWVG
GNLEDPISRDLWS YVNTNMGLKFRQLLWFHIS CLTFGRETVIE YLVS FGVWIRTPPA
YRPPNAPILSTLPETTWRRRGRS PRRRTPS PRRRRSQS PRRRRSQSRESQC "
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Figure 10. The sequence of nt for the S gene (encoded by nt 2848-3171 for
preSI, 3172 to 154 for preS2, and 155-835 for HBsAg, highlighted in yellow)
and aa of the translated products: large ( preSI + preS2 + S ORF), middle
(preS2 + S ORF), and small or HBsAg (S ORF) proteins.
2821
2881
2941
3001
3061
3121
3181
1
61
121
181
241
301
361
421
481
541
601
661
721
781
841

catattcttg ggaacaagag
ggattctttc ccgaccacca
tgggacttca atcccaacaa
tacgggctgg gattcacccc
ggcatactac aaaccttgcc
aggcagccta cccctctgtc
aa... joined to
ctccacaatc ttccaccaaa
tggtggctcc agttcaggaa
aatcttctcg aggattgggg
aggacccctg ctcgtgttac
gcagagtcta gactcgtggt
tggccaaaat tcgcagtccc
tcctggttat cgctggatgt
atgcctcatc ttcttgttgg
aattccagga tcttcaacca
aggaacctct atgtatccct
tattcccatc ccatcatctt
tttctcctgg ctcagtttac
tgtttggctt tcagttatat
gagtcccttt ttaccgctgt
aacaaaacga aaagatgggg

ctacagcatg
gttggatcca
ggacacctgg
accgcacgga
agcaaatccg
tccacctttg

gggcagaatc
gccttcagag
ccagacgcca
ggccttttgg
cctcctgcct
agaaacactc

tttccaccag
caaacaccgc
acaaggtagg
ggtggagccc
ctaccaatcg
atcctcaggc

caatcctctg
aaatccagat
agctggagca
tcaggctcag
ccagtcagga
catgcagtgg

ctctgcaaga
cagtaaaccc
accctgcgct
aggcggggtt
ggacttctct
caacctccaa
gtctgcggcg
ttcttctgga
ccagcacggg
cctgttgctg
gggctttcgg
tagtgccatt
ggatgatgtg
taccaatttt
ttactcttta

tcccagagtg
tgttccgact
gaatatggag
tttcttgttg
caattttcta
tcactcacca
ttttatcatc
ctatcaaggt
accatgcaga
taccaaacct
aaaattccta
tgttcagtgg
gtattggggg
cttttgtctt
catttcatgg

agaggcctgt
actgtctctc
aacatcacat
acaagaatcc
gggggaacta
acctcctgtc
ttcctcttca
atgttgcccg
acctgcacga
tcggacggaa
tgggagtggg
ttcgcagggc
ccaagtctgt
tgggtataca
gctatgtcat

atttccctgc
acatatcgtc
caggattcct
tcacaatacc
ccgtgtgtct
ctccaacttg
tcctgctgct
tttgtcctct
ctcctgctca
attgcacctg
cctcagcccg
tttcccccac
acagcatctt
tttaaaccct
tggatgttat

t ra n s lat i o n = "MG QNLSTS NPLGF FPDHQL DPAFRANTANPD WDFNPNKDTWPDA
NKV GAGAYG LGFTPP HGGLL GWSPQAQGILQTLPANPPPASTNRQSGRQPTPLSPPLR
NTH PQAMQW NSTIFH QTLQDPRVRGLYFPAGGSSSGTVNPVPTTVSHISSIFSRIGDP
ALN MENITS GFLGPL LVLQAGFFLLTRILTIPQSLDSWWTSLNFLGGTTVCLGQNSQS
PTSNHSPTSCPPTCPGYRWMCLRRFIIFLFILLLCLIFLLVLLDYQGMLPVCPLIPGS
STT STGPCRTCTTPAQGTSMYPSCCCTKPSDGNCTCIPIPSSWAFGKFLWEWASARFS
WLSLLVPFVQWFAGLSPTVWLSVIWMMWYWGPSLYSILSPFLPLLPIFFCLWVYI"
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Figure 11. The sequence of nt for the P gene and aa of the translated product
DNA polymerase/reverse transcriptase (encoded by nt 2307 to 3182 joining with
nt 1 to 1623)
2307
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
1

61

121
1 81
241
301
361
421
481
541
601
661
721
781
841
90 1
96 1

1021
1081
1141

1201
1261
1321
1381
1441
1501
1561
1621

tgttgttaga cgacgaggca
gtctcaatcg ccgcgtcgca
ggactcataa ggtgggaaac
ctcattggaa aacaccatct
gtgaacaatt tgtaggccca
ctgctaggtt ttatccaaat
attatccaga atatctagtt
ggaaggcggg tatattatat
catattcttg ggaacaagag
ggattctttc ccgaccacca
tgggacttca atcccaacaa
tacgggctgg gattcacccc
ggcatactac aaaccttgcc
aggcagccta cccctctgtc
aa joined to
ctccacaatc ttccaccaaa
tggtggctcc agttcaggaa
aatcttctcg aggattgggg
aggacccctg ctcgtgttac
gcagagtcta gactcgtggt
tggccaaaat tcgcagtccc
tcctggttat cgctggatgt
atgcctcatc ttcttgttgg
aattccagga tcttcaacca
aggaacctct atgtatccct
tattcccatc ccatcatctt
tttctcctgg ctcagtttac
tgtttggctt tcagttatat
gagtcccttt ttaccgctgt
aacaaaacga aaagatgggg
gggtcattgc cacaagatca
gttaacaggc ctattgattg
gcccctttta cacaatgtgg
aagcaggctt tcactttctc
ctttaccccg ttgcccggca
actggctggg gcttggtcat
ccgatccata ctgcggaact
attctcggga cggataactc
ctaggctgtg ctgccaactg
ctgaatcccg cggacgaccc
ctgccgtttc gtccgaccac
tctcatctgc cggtccgtgt
tga

atgc
ggtcccctag
gaagatctca
tttacggggc
tttcctaata
ctcacagtta
gttaccaaat
aatcattact
aagagagata
ctacagcatg
gttggatcca
ggacacctgg
accgcacgga
agcaaatccg
tccacctttg

ccctatctta
aagaagaact
atctcgggaa
tttattcttc
tacatttaca
atgaaaaaag
atttgccatt
tccaaaccag
caacacatag
gggcagaatc
gccttcagag
ccagacgcca
ggccttttgg
cctcctgcct
agaaacactc

tcaacacttc
ccctcgcctc
tctcaatgtt
tactgttcct
ccaagacatt
aagactgcaa
ggataagggt
acattattta
cgcctcattt
tttccaccag
caaacaccgc
acaaggtagg
ggtggagccc
ctaccaatcg
atcctcaggc

cggagactac
gcagacgaag
agtattcctt
gtctttaacc
atcaaaaaat
ttgattatgc
attaaacctt
cacactctat
tgtgggtcac
caatcctctg
aaatccagat
agctggagca
tcaggctcag
ccagtcagga
catgcagtgg

ctctgcaaga
cagtaaaccc
accctgcgct
aggcggggtt
ggacttctct
caacctccaa
gtctgcggcg
ttcttctgga
ccagcacggg
cctgttgctg
gggctttcgg
tagtgccatt
ggatgatgtg
taccaatttt
ttactcttta
catcatacag
gaaagtctgt
ttatcctgct
gccaacttac
acggccaggt
gggccatcag
cctagccgct
tgttgttctc
gatcctgcgc
ttctcggggc
ggggcgcacc
gcacttcgct

tcccagagtg
tgttccgact
gaatatggag
tttcttgttg
caattttcta
tcactcacca
ttttatcatc
ctatcaaggt
accatgcaga
taccaaacct
aaaattccta
tgttcagtgg
gtattggggg
cttttgtctt
catttcatgg
aaaatcaaag
caacgtattg
ttaatgccct
aaggcctttc
ctatgccaag
cgcatgcgtg
tgctttgctc
tcccgcaaat
gggacgtcct
cgcttgggac
tctctttacg
tcacctctgc

agaggcctgt
actgtctctc
aacatcacat
acaagaatcc
gggggaacta
acctcctgtc
ttcctcttca
atgttgcccg
acctgcacga
tcggacggaa
tgggagtggg
ttcgcagggc
ccaagtctgt
tgggtataca
gctatgtcat
aatgttttag
tgggtctttt
tgtatgcatg
tgtgtaaaca
tgtttgctga
gaacctttct
gcagcaggtc
atacatcgtt
ttgtttacgt
tctctcgtcc
cggactcccc
acgtcgcatg

atttccctgc
acatatcgtc
caggattcct
tcacaatacc
ccgtgtgtct
ctccaacttg
tcctgctgct
tttgtcctct
ctcctgctca
attgcacctg
cctcagcccg
tttcccccac
acagcatctt
tttaaaccct
tggatgttat
aaaacttcct
gggttttgct
tattcaatct
atacctgaac
cgcaaccccc
ggctcctctg
tggggcaaac
tccatggctg
cccgtcggcg
ccttctccgt
gtctgtgcct
gagaccaccg

...etc
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HBV DNA polymerase/reverse trancriptase translation product
="MPLSYQHFRRLLLLDDEAGPLEEELPRLADEGLNRRVAEDLNLG
NLNVSIPWTHKVGNFTGLYSSTVPVFNPHWKTPSFPNIHLHQDIIKKCEQFVGPLTVN
EKRRLQLIMPARFYPNVTKYLPLDKGIKPYYPEYLVNHYFQTRHYLHTLWKAGILYKR
DTTHSASFCGSPYSWEQELQHGAESFHQQSSGILSRPPVGSSLQSKHRKSRLGLQSQQ
GHLARRQQGRSWSIRAGIHPTARRPFGVEPSGSGHTTNLASKSASCLYQSPVRKAAYP
SVSTFEKHSSSGHAVELHNLPPNSARSQSERPVFPCWWLQFRNSKPCSDYCLSHIVNL
LEDWGPCAEYGEHHIRIPRTPARVTGGVFLVDKNPHNTAESRLWDFSQFSRGNYRVS
WPKFAVPNLQSLTNLLSSNLSWLSLDVSAAFYHLPLHPAAMPHLLVGSSGLSRYVARL
SSNSRIFNHQHGTMQNLHDSCSRNLYVSLLLLYQTFGRKLHLYSHPIILGFRKIPMGV
GLSPFLLAQFTSAICSWRRAFPHCLAFSYMDDWLGAKSVQHLESLFTAVTNFLLSL
GIHLNPNKTKRWGYSLHFMGYVIGCYGSLPQDHIIQKIKECFRKLPVNRPIDWKVCQR
IVGLLGFAAPFTQCGYPALMPLYACIQSKQAFTFSPTYKAFLCKQYLNLYPVARQRPG
LCQVFADATPTGWGLVMGHQRMRGTFLAPLPIHTAELLAACFARSRSGANILGTDNSV
VLSRKYTSFPWLLGCAANWILRGTSFVYVPSALNPADDPSRGRLGLSRPLLRLPFRPT
TGRTSLYADSPSVPSHLPVRVHFASPLHVAWRPP"
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Core Proteins
The C-gene of HBV encodes two functionally different proteins (203), hepatitis B
core (HBcAg) and hepatitis B Espmark (HBeAg) antigens. HBcAg contains 183185 aa (varrying according to HBV subtype) and forms the nucleocapsid of HBV.
HBc is synthesized from the second in-frame ATG which divides it into a pre-C
and C region (216). Initiation of translation at the first ATG of the C-gene (only
present in pre-C mRNA) leads to the synthesis of the 25 kDa pre-core protein
(216). It can then be co- and post- translationally processed at both ends and
subsequently secreted as 15-17 kDa proteins that are serologically defined as
HBeAg (123, 191, 197). HBeAg consists of ten C-terminal aa of the pre-core
product added to the 149 N-terminal aa of the HBcAg (36, 197). Secreted HBeAg
molecules are found in the blood of many but not all HBV-infected individuals
with ongoing viral replication (27), and can be associated with immune
complexes (49). HBeAg expression is not essential for replication and virus
particle formation in cell culture (205) but may function as tolerogen, thereby
facilitating chronicity of infection (137), and as an immune target in virus
elimination (27).
Polymerase protein
The P ORF encodes the viral polymerase (nt 2307 to 1623), which can be up to
845 aa in length. The P ORF completely overlaps the S gene and is one nt out of
phase with the preS1/preS2/S ORF such that the second base of each S codon
is the third base of a P codon. Furthermore, P ORF overlaps with the N-terminal
of the C ORF from nt 2307 to 2452 that encode residues 136 to 183. The HBV
polymerase is a 93-kD protein that contains three functional domains that
perform crucial functions in the viral life cycle; the terminal protein, reverse
transcriptase (RT), and RNase H (13).
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Surface Proteins
The membranous component of HBV is composed of three translation products
of the S gene. The three proteins are termed large (L, 389-400 aa, depending on
the strain), middle (M, 281 aa), and small (S or HBsAg, 226 aa) and are
synthesized from one of three in-frame start codons of the p re -S I, pre-S2 and 8
genes. The 8 protein sequence is also found at the carboxyterminal end of the L
and M proteins. 8 protein contains three hydrophobic and two hydrophilic
domains. The second or major hydrophilic region (MHR; residues 99 to 169) is
exposed on the outer virion surface and contains the major group and subtypespecific antigenic determinants (157). It is within this region that anti-HBs is
directed.

Natural Variation in HBV Genome
Genetic evolution occurs in all viruses but at different rates. It is most rapid in
RNA viruses, in which the rate of nucleic acid substitution per site per annum
ranges from 10‘® to 10'^, the usual order being 10"^ to 10'^ (99). Mutations in
these viruses result mainly from error-prone replication due to the absence of a 3'
to 5' exonuclease activity in the RNA polymerase; thus proof-reading does not
operate during viral replication.

In contrast, DNA viruses have 3' to 5'

exonuclease activity and are hence relatively stable. The rate of nucleic acid
substitution per site per annum for DNA viruses is estimated as 10'® (33).
Hepadnaviruses, although classified as DNA viruses, replicate via reverse
transcription of an RNA intermediate ('pregenomic' RNA). This is performed by
reverse transcriptase (RT) which is another enzyme without proof-reading ability;
thus

reverse transcription

is also

error-prone

(58).

Insertions,

deletions,

duplications and recombination with integrated DNA and cellular DNA further
contribute

to

retroviral

hypervariability.

Hence

the

mutation

rate

of

hepadnaviruses is higher than that for conventional DNA viruses. The rate of
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accumulation of mutations has been estimated to be 2 x 10"^ nucleic acid
substitutions per site per annum for the related woodchuck hepadnavirus (83),
and for HBV is calculated to be 2 X 10

(160).

From our calculations on the kinetics of HBV replication (see chapter 2),
more than 10’^ virions are produced daily at peak infection and approximately
0.32% of new virions have a single mutation. Hence, we would expect all
possible single base changes to be produced per day at peak infection. This has
important consequences for the development of mutations that may escape the
immune response.
The generation of viral mutations, at any given time within an individual,
results in a viral population constituted by viruses of slightly differing sequence
termed

variants.

These

variants

make

up

a

quasispecies.

The

term

'quasispecies' initially referred to rapidly evolving, diverse viral RNA populations
that compete with each other for survival (68) but it can equally apply to HBV.
Thus, the viral population within an infected individual exists in a dynamic
quasispecies distribution with a pool (or 'swarm') of variants, from which
genotypic and phenotypic differences are generated. At any one time the genetic
pool of the viral population will consist of at least one dominant (master)
sequence and many minor sequences. Changes in the environment, whether
they be immunological or iatrogenic, may displace a dominant sequence,
selecting for a minority sequence that itself may become dominant.
There is evidence that the HBV exists in a quasispecies distribution. While
the HBV genome might be expected to be relatively intolerant to change due to
the compact and overlapping nature of the genome, wide variability is observed
in nature (160). Thus it has been demonstrated in a detailed study of the
spectrum of HBV genomic heterogeneity, using two PCR-cloning methods and a
limiting dilution procedure for isolating single HBV genomes, that at least 20
variant sequences circulate within carriers of chronic hepatitis B infection (155).
In each carrier one majority sequence was identified to co-exist with a wide
variety of minor sequences that differed from the major sequence by a few point
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mutations

or

deletions.

This

mutation

spectrum

is

characteristic

of

a

quasispecies.
Immune Responses
There is little evidence of a direct cytopathic effect of HBV (51). Indeed, the
mechanisms of liver injury are thought to be due to the immune mediated lysis of
infected hepatocytes (73, 105). The target specificity of the immune response
and the effector cells involved are not fully characterized.

However, abundant

amounts of inflammatory cells, mainly T lymphocytes, are frequently present in
close contact with damaged hepatocytes in liver biopsies of patients with active
liver disease (60) indicating that T lymphocytes have an important role in the
immune resonse to HBV infection.
Activation of CD4+ T lymphocytes (by viral epitopes) is thought to play a
central immunoregulatory role in the control of HBV infection in chronic liver
disease (105, 207). T-helper CD4+ (Th) cell recognition to HBV has been shown
to depend

on class

II

major histocompatibility

complex

(MHC)

human

histocompatibility leukocyte antigens (HLA) (136). The molecular basis for this
association is the formation of complexes between class n molecules with
foreign Ag epitopes, and then binding of the complexes with Th cell receptors
(TCR) (37). Short aa sequences interacting with the MHC molecule are referred
to as agretopic, and aa residues interacting with the TCR are called epitopic (97).
Thus, MHC class II molecules present viral peptides to CD4+ helper T cells,
which by secreting lymphokines modulate the activity of antigen-specific B cells
and to a lesser extent CD8+ T cells (51).
A major determinant of clearance has been thought to be the destruction
of infected cells mediated by HLA class I-restricted cytotoxic CD8+ T cell (CTL)
responses to HBV proteins (52, 144, 170). CTLs recognise viral epitopes derived
from the intracellular processing of viral antigens in association with HLA class I
molecules on the surface of the infected cells (15, 24, 31, 84, 219). Additionally,
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non-class I mediated mechanisms may be involved in hepatocyte destruction,
possibly through the action of cytokines (142).
Over recent years, evidence has emerged from studies by Guidotti et al
(86-88) that infected cells can be cleared of virus without destruction of
hepatocytes.

In a transgenic

mouse

model of HBV

replication,

it was

demonstrated that virus-specific CTLs can abolish HBV gene expression and
replication in the liver without killing the hepatocytes (87). This antiviral function
was mediated by IFN-gamma and TNF-alpha secreted by the CTL or by the
antigen-nonspecific macrophages and T cells that they activate following antigen
recognition. In a more recent study (88), HBV DNA was shown to disappear from
the liver and the blood of two acutely infected chimpanzees long before the peak
of T cell infiltration. It was demonstrated that noncytopathic antiviral mechanisms
contributed to viral clearance during acute viral hepatitis by clearing HBV
replicative intermediates from the cytoplasm and covalently closed circular viral
DNA from the nucleus of infected cells.
Patients with acute, self-limited HBV infection, who spontaneously clear
HBsAg from serum, usually mount a vigorous and polyclonal cytotoxic T cell
response. This response is also multispecific, i.e. targeted against multiple
epitopes in the viral nucleocapsid (16, 18, 143, 169), envelope (153) and
polymerase (18, 143, 153, 169, 177). In contrast, a vigorous, polyclonal CTL
response is usually not readily detectable in the peripheral blood of patients with
chronic HBV infection although HBV-specific T cells are present in the chronically
inflamed liver. This poor CTL response is thought to contribute to the
pathogenesis of chronic hepatitis (12, 73). Thus, a strong, polyclonal CTL
response to HBV plays an essential role in viral clearance and clinical recovery
during acute hepatitis, and viral persistence reflects a diminished CTL response
that is not vigorous enough to clear the virus (179).

70

Viral Factors
One mechanism postulated in the maintenance of HBV infection is the continued
selection of viral variants of a quasispecies distribution that have mutation(s) in
immunodominant epitope(s). Such selection alters these immune recognition
sites thereby abrogating the effectiveness of the T- and B- cell responses in
controlling HBV infection (61, 62, 135, 171). Viral escape from immune response
may originate from passive mechanisms, such as mutations within crucial
immunodominant epitope(s) or agretope(s), affecting T/ B-cell antigen receptor
recognition or MHC binding.
A further mechanism is the inhibition of the CTL response to the wild-type
(wt) epitope by variant epitopes acting as natural TCR antagonists. This has
been shown in two HLA-A2-positive chronically infected patients (19) in whom
mutations occurred within the HLA-A2 restricted CTL epitope of HBc residues 1827. V27A/I resulted in a decrease of HLA-A2 binding affinity of the variant peptide
thus affecting TCR recognition. It was found that IFN-gamma secretion by CTL
stimulated by wild-type 18-27 peptide was also inhibited in the presence of
mutated peptides. The antagonist effect of mutations within the CTL epitope may
therefore not be limited to cytotoxicity but also affect CTL effector function. Thus
during natural infection, TCR antagonist mutations of CTL epitopes may
potentially contribute to the development of viral persistence.
Immune pressure is not the only factor influencing the mutation rate,
however, as non-specific mutagenic effects induced by cytokines released from
infected hepatacytes undergoing inflammatory necrosis (87, 92) can also
contribute.
It is possible that due to HBV mutations occurring at a high rate, the
resulting

quasispecies

distribution will generate

variants with

a survival

advantage by escaping the immune response, perhaps due to mutations within
immune epitopes, thereby enabling their persistence. If such selection does
indeed occur, then nonsynonymous mutations would be expected to occur in a
nonrandom fashion due to immune selection. The evidence for an association
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between mutations within immune epitopes and viral persistence or severe
disease/ remission has been reported by numerous investigators, mainly in the
context of chronic hepatitis B, and remains controversial. The clinical significance
of these variants is not always certain. To gain an understanding of this
background of research, this body of data will be reviewed with respect to
mutations in the core, surface, and polymerase regions of the HBV genome, as
follows.

Core Region
Immune responses
HBcAg is an extremely potent B-cell and T-cell immunogen (138-140) and high
titres of anti-HBc antibodies are produced during the course of acute infection. It
is most efficiently recognised by the HLA-class ll-restricted response of CD4+ T
helper cells and HLA- class I-restricted response of CTL. The core gene
encompasses defined T-cell and B-cell epitopes that act as the targets of this
immune attack (59, 72, 143, 169, 182).
HBcAg triggers a vigorous B-cell response in HBV-infected humans
consisting of the IgM, IgAI, IgGI, lgG3, and lgG4 isotypes (80, 184) (Gerlich
1986, Sallberg 1989,1990). Anti-HBc antibodies appear very early during the
course of HBV infection and often persist for years after viral clearance.
HBeAg, in contrast to HBcAg, is immunogenic only in a T-cell dependent
manner. As a relatively poor B-cell immunogen, it elicits only a weak B-cell
response consisting mainly of the IgGI lgG3, andlgG4 isotypes (184) (Sallberg
1989, 1990). Seroconversion to anti-HBe antibodies often occurs during viral
elimination and is induced in some patients after interferon treatment, although
anti-HBe is also often found in patients infected with pre-C variant viruses (27).
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Epitopes (see figures 12, 13, and 14)
Only a few MHC-restricted CD4+ and CD8+ epitopes have been identified so far.
The definition of epitopes is complex but has been studied by several
investigators. The following is a summary of HBV epitope studies performed. It is
of note that not all the studies are in agreement as to the precise mapping of
epitopes, though they are in agreement as to the general location.
CD4+ epitopes
The predominant CD4+ T-cell recognition sites within the HBcAg/HBeAg peptide
have been mapped to residues 1 to 25 and 61 to 85, irrespective of the HLA
haplotype (105). Other important sequences identified are residues 21 to 45, 41
to 65, and 81 to 105. The immunodominant epitopes are expressed in both
HBcAg and HBeAg proteins.
Studies by Ferrari et al showed that in patients with acute hepatitis B,
HBcAg immunodominant epitopes for CD4+ Th cells are located in residue
positions 1-20, 50-69 and 117-131 (72). The epitope between residues 50-69
was recognized by nearly all infected patients studied. It was thought that these
nucleocapsid-specific T cells act to stimulate HBV-specific B cells to produce
neutralising anti-HBs antibodies. Residues 1-20, 50-69, and 117-131 appear to
preferentially activate CD4+ T cells which recognise peptide fragments bound to
HLA class n molecules. These T cell responses occurred irrespective of the
patients' HLA haplotype. These peptides were, however, not recognised by antiHBc antibodies. They also noted that in a small proportion of patients T cell
recognize a peptide (residues 169-183) within the carboxy-terminal region of
HBcAg (which is not present in the circulating HBeAg).
CD8+epitopes
The location of epitopes for CD8+ responses is restricted to certain HLA types.
Thus for HLA-A2 positive patients, which account for 45% of Caucasian allele
prevalence (204), the CD8+ CTL response for patients with acute HBV infection
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has been mapped to an epitope between residues 18 and 27 (FLPSDFFPSV) of
HBcAg (16, 169). A CTL response to HBcAg restricted by two independent class
I molecules, the HLA-A31 and HLA-Aw68 alleles (constituting prevalence of 1520% in total (204)), has been located to an epitope spanning residues 141 and
151 (STLPETTVVRR) (143). This epitope completely overlaps a critical domain
in the viral nucleocapsid protein that is essential for its nuclear localization (65)
and genome packaging functions (152) as well as processing of the pre-core
protein (197). Mutations in the HBcAg 141-151 epitope may therefore be
incompatible with viral replication.
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Figure 12. Epitopes identified in the core protein.
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B-Cell epitopes
HBcAg epitopes
B cell epitopes to anti-HBc and anti-HBe have been described at residues 74-83
(182), 76-89 (182), 107-118 (183), 128-135 (183), 130- 138 (182), and 74-123
(206).
Sallberg et al (184) also identified antibody recognition sites residing in
five main linear antigenic regions coded by the C-gene of HBV (covering
residues 1-20, 41- 60, 61-85, 121-140, and 141-160). Using soluble peptides
from HBe/eAg, sera from cases of acute hepatitis B, HBsAg carriers with HBeAg,
and HBsAg carriers with anti-HBe were investigated. Out of the 10 cases with
acute HB, two were found to recognize linear epitopes within residues 61-85,
101-120, and/or 121-140 of HBe/eAg. Both reacted strongly with lgG3 to
residues 61-85. Out of the 12 sera from carriers of HBsAg with HBeAg, five were
weakly reactive to peptides 41-60, 61-85, 121-140, or 141-160 with the IgGI
and/or lgG3 isotypes.
For anti-HBe-positive carriers, the most commonly recognised linear
region recognised by human sera (especially IgG I) resides within residues 121140 of the HBc/eAg sequence (183, 184). Eight of the sera from anti-HBepositive carriers of HBsAg recognized aa 121-140 of HBc/e with IgG I, lgG3,
and/or lgG4 isotypes.
Results from Tordjeman at a! (206) suggest that the anti-HBc response is
heterogeneous and that the epitopes recognized by anti-HBc antibodies can vary
with the stages of the disease. They analysed anti-HBc antibodies detected in
response to 14 synthetic HBV nucleocapsid peptides. In most sera from patients
with serological evidence of acute HBV infection, anti-HBc antibodies recognized
all the HBc peptides. Conversely, after the acute phase, anti-HBc antibodies
recognized predominantly a family of immunodominant epitopes epitopes located
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within the central region of the HBc protein from residues 74 to 123 (epitope
residues 74-100, 103-123, and 96-118).
Human class I binding has been shown to a peptide covering the residues
11-27 (188), and the human class II recognition of residues 1-20 was found in 16
out of 23 patients with acute hepatitis B. Thus, the N-terminal regions 1-27
contain B- cell, class I and class II recognition sites.
HBeAg epitopes
Although HBcAg and HBeAg share 149 amino acid residues, these proteins are
immunologically markedly different. Antibody recognition of HBcAg and HBeAg
has been proposed to be mainly directed to discontinuous determinants (71,
182). Based on results by Salfeld et al. (182), it appears that the majority of the
HBe-specific antibodies are directed to a discontinuous determinant, and a
minority of the antibodies to HBe recognize linear antigenic regions scattered
over the HBc/eAg sequence. Only a single linear epitope specific for HBe,
designated HBel and located around residue 80, has been mapped in detail on
core particles [Salfeld,

1989 #145; Schodel,

1992 #41).

Residues 76-89

(LEDPASRDLVVSY) were shown to be recognised by one human serum and
one mAb with HBel specificity (182), and by four out of 20 anti-HBe-positive
human sera (59).
In a study by Sallberg at a! (184), two anti-HBe-positive carriers were
found to recognize an antigenic region at residues 76-83 of HBc/eAg, and the
most essential residues were D78, P79, R82, and D83. Previously these
investigators had used a mAb with HBeAg specificity and shown that it
recognised the sequence EDPASR at residues 77-82, and residues D78 and P79
were found to be the most essential (183).
A second, possibly discontinuous epitope, designated HBe2, has been
defined between residues 130 to 138 but found to require for antigenicity the
intramolecular participation of the extended sequence between aa 10 and 140
(182). Other Mab have been described bound to a neighbouring region of HBe
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(residues 128-136, epitope designated e/b) (183).

25% of anti-HBe-positive

carriers of HBsAg recognised a peptide covering residues 121-140 (183).

In

studies performed by Bichko et al (22), a major B-cell immunogenic region
between residues 134-140 and two less immunogenic regions, one spanning
residues 2-10 and one with three partially overlapping epitopes between residues
138 and 154, were defined by mouse MABs to native and denatured HBV core
protein. Two antigenic regions (residues 2-10 and 138-145) were found to be
exposed on HBe from human serum, and were recognized by mouse anti-HBe
but not by anti- HBc antibodies from sera of infected patients.
Mutations
Precore Mutations
The most commonly reported mutation in the pre-core region is G1896A
substitution. This introduces a stop codon (TAG) at residue 28 of the pre-core
protein that prevents translation of the HBeAg (43). HBcAg is still produced since
it is translated from a separate mRNA and the 1896 mutation occurs upstream of
the core ATG start codon.
Fulminant hepatitis B
A high proportion of cases with acute fulminant hepatitis B (FHB) are linked to
infection by variants with the 1896 stop codon (11, 40, 199). In a cross-sectional
study of recipients of liver transplants, FHB was significantly associated with
carriage of pre-core mutants (7), though it is possible that this was an
epiphenomenon. However, infection by such variants can also result in selflimiting

hepatitis

(55,

146).

The

disparity
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in

clinical

outcome

after

selection of pre-core variants implies that either viral variation has no role to play
in disease progression, or that changes in other genes are at least as important.
From the literature, it can be difficult to compare results from different
regions of the world. In a study of Japanese patients with FHB (210), while all
had pre-core mutants, variation in the core gene was quite different to that seen
in Italians (45) or Chinese (26). Thus, in Italians, T67N was considered
significant,

whereas,

in

Japanese,

N67T

occurred.

These

geographical

differences may be due to different genotypes prevailing in these areas as well
as differences in ethnic background.
Chronic hepatitis B
Precore mutants are essentially found in chronic hepatitis B patients of
Mediterranean or Oriental origin due to the predominance of the circulating
genotype with which this mutation is associated, namely D (180) and F (8). They
are less prevalent in patients in Western Europe and North America (126) where
the main genotype is A (116). It is reported that there is an association between
frequent HBe mutations and the presence of precore mutations (2, 35, 42, 212).
In limited studies it has been shown that core evolution in anti- HBe-positive
Mediterranean and Chinese patients occurs simultaneously with or closely
follows selection of pre-core mutants (26, 45).
Sequential studies in the Far East and the Mediterranean (93, 110, 111,
165) suggest that while variants with the 1896 mutation may not be detected in
the circulation before seroconversion from HBeAg-positivity, they become much
more dominant thereafter. The 1896 stop mutation emerges whether or not liver
disease progresses. Recent evidence suggests that complete takeover does not
occur, as wt continues to be shed, at low levels and bound in the circulation as
immune complexes (121, 130).
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Figure 13. Mutations in the core protein reported in the literature (see text for details)
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Core Gene Mutations (see Figure 13)
Acute hepatitis B
Studies of the CTL response in AHB have found little evidence of mutations
affecting CTL epitopes in the C protein (17). The vigorous and broadly reactive
nature of the CTL response during acute hepatitis B (20), appears to prevent
CTL escape mutations from arising. In some patients who generate strong,
narrowly focused CTL responses, escape mutants have arisen (17). However,
there is thus far no evidence that changes affecting B- or T- cell epitopes occur in
the course of acute infection (179).
Fulminant hepatitis B
Debate remains, despite the many studies conducted, as to whether the
determinants of FHB are host factors or more virulent HBV variants. In a study of
cardiac transplant recipients infected by donor HBV, the onset of FHB coincided
with the appearance of mutants that differed from HBV in the donor by
possessing an 11-bp insertion in the core promoter, two deletions in the pre-SI
region and several point mutations in the C and X genes (174). None of the
variants appearing at the onset of FHB were pre-core mutants.
Mutations in core nucleotide sequence have been shown, in studies by
Ehata et al, to correlate with fulminant and severe hepatitis (66). They studied
sera from 24 patients (5 fulminant, 10 severe fatal exacerbation, and 9 self
limited acute hepatitis patients). No significant change in the nucleotide and aa
sequence was noted in the nine self-limited acute hepatitis patients. In contrast,
changes

clustering

in

a

small
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segment

of

16

aa (residues

84-99 from the start of the core gene) were found in all seven adr subtypeinfected fulminant and severe exacerbation patients. A different segment with
clustering substitutions (residues 48-60) was also found in seven of eight patients
with fulminant or severe hepatitis carrying the adw subtype. Two additional
substitutions were found affecting residues 21 and 55 after severe exacerbation
in an anti-HBe positive patient. These data suggest that these core regions with
mutations may play an important role in the pathogenesis of hepatitis B viral
disease, and such mutations are related to severe liver damage.
HBeAg seroconversion and exacerbations of hepatitis B in chronic carriers
Chronic HBV carriers initially shed HBeAg and HB virions in large quantities from
the liver. Although at this early stage the carriers are asymptomatic and the
serum aminotransferases are often within normal range, there is usually a mild
degree of chronic hepatitis. The CTL response, which is vigorous in patients at
the recovery phase of acute hepatitis, is characteristically weak in those with
chronic HBV infection (176). This 'immune tolerant' phase can last for decades,
particularly in people infected perinatally or during early childhood. Throughout
this

period,

HBV

genomic

sequences

tend

to

remain

conserved

(29).

Furthermore, mutations in the core gene are found rarely in HBeAg-positive
patients with severe disease, indicating that disease per se is not sufficient for
immune selection of variants.
The next phase is 'immune clearance' which is characterised by periodic
rises in serum aminotransferases and declining serum HBV DMA levels. These
episodes probably reflect increased CTL or cytokine-induced lysis of infected
hepatocytes (87,

120,

178). They often lead to HBeAg seroconversion.

Exacerbations can still occur following HBeAg clearance, and when they do
hepatitis can be extensive, predisposing further to cirrhosis.
A relatively large cross-sectional study of 0 - gene mutations in chronic
Chinese carriers (2) linked missense changes to HBeAg seroconversion rather
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than persistent HBeAg-positivity, chronic active rather than chronic persistent
hepatitis, and the presence rather than absence of the 1896 pre-core mutant.
This study therefore implied that the immune clearance phase was associated
with the appearance of mutations rather than the immune tolerant phase.
Bozkaya et al further showed that between exacerbations significantly lower
rates of nt and aa changes can be observed (30).
Subsequent longitudinal studies of core protein evolution provided more
definitive evidence for the association between C- gene mutations and clinical
exacerbations, even those that appeared during the anti-HBe-positive stage (4,
9, 30, 166). Very few aa substitutions occur over time in HBeAg-positive
individuals, even if they have active hepatitis. However, mutations away from the
consensus occur most frequently in anti-HBe-positive persons with severe
chronic hepatitis (45) and those with fulminant hepatitis (45, 56, 66). The time of
most rapid selection is during the HBeAg to anti-HBe-positive phase (45). As the
mutations are associated with active disease in the anti-HBe-positive phase or
appear about the time of hepatitis flare-ups, it is thought that they result from
selection by antibody- or cytokine-mediated viral suppression mechanisms.
Several groups (26, 45, 56, 66, 212) have described HBV sequence
heterogeneity in the HBc protein linked to the severity of liver damage in
chronically infected patients. In keeping with the presumed mechanism of
immune selection, there was in anti-HBe-positive cases a statistically significant
difference between the number of mutations in patients with severe disease as
against the number in those with minimal hepatitis (45). Such sequence
heterogeneity could reflect immune selection. However, as patients were not
HLA typed, a systematic comparative analysis of the T and B cell cell response
to epitopes potentially encoded by these sequences could not be performed, so
the significance of these findings is uncertain.
Multiple point substitutions are frequently found in the middle portion of the
C gene in Oriental and Mediterranean patients with chronic hepatitis B (3, 40, 67,
70). In a study of Japanese patients with chronic hepatitis B (66, 67), missense
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mutations in the core gene clustered in a small segment of 54 nucleotides i.e, nt
2150-2293 (residues 84-101 from the start of core gene) that the authors termed
the mutation clustering region 1 (MCR 1). The occurrence of missense mutations
in MCR 1 was related to the severity of liver damage.
In a further study by Chuang et al (56) of serum samples from 20 Chinese
patients with chronic hepatitis B, missense mutations were only found in patients
with chronic active hepatitis and not in the three asymptomatic carriers. This
group also had a high prevalence of the pre-core mutation at nt 1896. In this
study, three mutation clustering regions of core gene were defined between
residues: MCR 1 (84-101), plus MCR 2 (48-60), and MCR 3 (147-155). There
was a trend of increasing substitutions in the precore/core gene from e antigenpositive asymptomatic carriers to e antibody-positive patients with chronic active
hepatitis. Their data suggest that severe liver damage in chronic hepatitis B virus
infection could be related to clustering missense mutations in the core gene.
Furthermore, the investigators speculate that the emergence of pre-core stop
codon mutation and missense mutations around the carboxy-terminal processing
site of precore/core protein (residues 147-155) may be an adaptive mechanism
of HBV to decrease production and secretion of viral protein and retain viral
persistence.
Contrary to the studies of Ehata and Chuang, other studies have not
confirmed such a clustering of mutations between residues 84-101 (45, 56, 198).
Furthermore, C gene mutations are rarely seen in American and British
Caucasian patients with chronic hepatitis B (85), suggesting that the induction of
chronic liver disease in general cannot be entirely due to mutations in the C
gene. The distribution of immunogenetic phenotypes (such as HLA type) in these
areas or differing abilities of immune cells to respond to certain epitopes may
explain this.
Thus, a common set of mutations that universally correlate with the
induction of exacerbations has not been defined. However, there is gathering
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consensus that non-synonymous nt substitutions are concentrated in regions of
the C- gene encoding T-helper and B cell epitopes (30, 45, 114).
Correlating mutations with epitopes
A large sequential study of anti-HBe-positive Mediterranean patients (41),
reported that seroconversion and subsequent disease remission was associated
with mutations occurring in the T helper epitope from residues 50 to 69. In
contrast, mutations in 24 patients with ongoing disease occurred in the B cell
epitope residues 74-83. All samples with negative HBeAg had precore mutations,
which

terminates

HBeAg

translation.

The

ratio

of

nonsynonymous

to

synonymous mutations was high, implying selection at the protein level.
However, in this study which analysed several clones, newly emerged variants
did not become dominant either before or after exacerbations.

The authors

speculated that an ineffective anti-HBc B-cell response accounts for ongoing
disease and selection of mutations after seroconversion. In those who remit, they
speculated that mutations in the major T helper epitope allow immune escape,
thus minimizing immune-mediated hepatitis.
A similar study by Alexopoulou et al (4), also identified that mutations in
the core gene were within recognised CD4+ and B- cell epitopes. Four aa
changes were found including those in residues 3 and 5 of the CD4+ epitope
spanning positions 1-20 (72), / 1-25 (105). This CD4+ epitope is thought to be
recognised by HBV-infected patients, irrespective of their HLA background (105).
In isolated clones aa changes were also identified in the CD4+ cell epitope
between positions 28-47 (72) and at codon 113 (72) located within the B-cell antiHBc/e2 epitope at positions 107-118 (59). The impact of aa changes in B-cell
epitopes of the core protein is not clear. However, it is well known that in the
case of the surface region of HBV, isolated aa changes in B-cell epitopes lead to
the abolition of neutralising antibody binding (213).
Some specific substitutions are noted but unexplained. For example, T12S
of core (40) is found more often in those with severe disease, yet only after
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preselection of a pre-core stop codon. Residue 12 of the HBc-coding gene is
within a CD4-restricted T-helper epitope and the change may lead to escape
from T-helper cell responses. It is of interest that this association is obseved in
Mediterranean people, but not in those from the Far East. This implies that a
T12S substitution is related to host rather than viral factors and provides support
for its role as an escape mutant.
Mutations appear to be concentrated at sites that coincide with major B
and T-cell epitopes, but there is disagreement as to whether CTL-epitopes are
involved. Mutations can appear in HLA-A2-positive individuals in the core peptide
(19, 45) recognized by the appropriate CTL (residues 18-27). However, they are
also seen in HLA-A2-negative people and not in all those with this HLA type (19,
45). Thus there are no consistent mutations in HBc epitopes for HLA- A2 class Irestricted CTL response for patients with active disease (18, 19, 143, 169). In
patients where a narrowly focussed CTL response was present in chronically
infected patients, it did not lead to the emergence of CTL escape mutants.
Nucleotide sequences were not more variable within the CTL epitopes than
within interepitope regions (19). The absence of viral escape mutants was
proposed to be evidence that the CTL response in most chronically infected
patients is too weak to select for variants and that viral persistence related to this
weak immune response. In contrast, in acute HBV infection the emergence of
mutants is prevented by a vigorous polyclonal immune response targeted against
multiple viral epitopes (51).
Rehermann (179) observed that CTL escape mutations are not commonly
observed in viral sequences in patients with acute or chronic HBV infection. They
analysed CTL response to 8 independent HLA-A2 restricted epitopes (core 1827, env 250-258, env 260-269, env 335-343, env 348-357, env 370-379, pol 455563, pol 551-559) in 6 patients with acute HB and 12 with chronic HB. For the
six patients with acute icteric infection, prototype serum sequences were present
in all instances where a strong CTL response was observed. This suggests that

87

CTL pressure was not sufficient to select for escape mutants at these loci in
these patients.
A further study reported that patients with CHB do not acquire many
mutations in the core gene. Furthermore, mutations usually occurred outside
immune epitopes (26).
Naturally occurring viruses with mutation at residues 21 and 27 are
antagonistic for HLA-A2 class I-restricted CTL binding to the normal peptide. This
has been described in two chronic carriers, suggesting a potential mechanism of
viral persistence (19). However, as most chronic hepatitis cases have no
detectable CTL against HBV core proteins (18, 51, 143), this mechanism of
persistence was speculated to apply to only a minority of cases.
C-deleted mutants
Naturally occurring deletions in HBV C-gene have been reported by several
investigators but the clinical significance of these defective genomes is uncertain.
C-defective viruses always co-exist with wt HBV (2, 129). In vitro studies have
shown that C-defective viruses can replicate by trans-complementation from wt
virus as well as defective genomes (100, 163).
Most deletions are reported in the C gene, usually in the central region (1,
161, 198, 212).

Mutants with C gene deletions have yet to be reported in

patients with acute hepatitis, but can become dominant (up to 100%) in the
immunocompromised and Oriental patients with chronic hepatitis or HCC (89,
225). It is thought that the C-deletion mutants confer a selective advantage by
evading immune surveillance, as the deletions almost always involve loss of B
and T cell epitopes located in the C gene.
One set of deletions found in a patient were all clustered around the
universally viable CD4-restricted T- helper cell epitope and the major B-cell
epitope of HBcAg/ HBeAg, indicating that these may be immune selected (40).
However, a high frequency of deletions has been reported between
residues 81-114 which is a domain devoid of critical CD4+ or B-cell epitopes (1).
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A further study detected in one clone, from a patient with anti-HBe CHB, an in
frame deletion of 8 aa within this domain (4).
In a longitudinal study by Marinos et al (129), they found that HBV core
deletion variants were present in patients with longstanding infection and usually
associated with significant necxroinflammatory acitivity in the liver. The deletions
were located within the N-terminal functional domain (necessary for core particle
formation (23, 224)), usually between residues 80 and 130. Patients infected with
core gene deletion variants always had in association the wt containing the fulllength core gene and significantly lower levels of viraemia than patients infected
only with the wt. These mutant strains were preferentially eliminated after IFN-(x
induced or spontaneous seroconversion to anti-HBe and did not persist in
preference to the wt under enhanced host immune response. Marinos at a! (129)
speculated that HBV core gene deletion variants are unable to produce a fully
functional core protein but that it may interact with wt core protein thereby
interfering with the viral nucleocapsid assembly and with the replication of fulllength wt HBV leading to reduced virion secretion from hepatocytes, consistent
with the low level of viraemia observed in their patients.
Defective viruses may attenuate the virulence of wt virus by interfering
with wt virus replication or by modulating the immune response thus facilitating
the persistence of infection (102). The C-terminal arginine rich region, between
residues 139 and 183, is a functional domain for encapsidation of pregenomic
RNA, DMA synthesis, and virus particle formation (152). Studies by Scaglioni at
a! (185) demonstrated that wt HBV replication could be inhibited by 90% by HBV
with deleted core protein by disrupting the viral nucleocapsid assembly process
and preventing the encapsidation of pregenomic HBV RNA. It was concluded
that core gene deletion constucts are capable of interacting with the wt HBV and
may represent a promising anti-viral agent.
Akara at a! (2) found core deletions in 6.5% of 263 patients with CHB.
Four of six patients had in-frame deletions of codons 79-122. This region
harbours a major CD4+ T cell and two B cell epitopes. It is possible that deletions
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of these epitopes may help to evade immune clearance thus favouring
persistence of virus infection. Although the coexistence of these defective
genomes together with intact sequences suggest that infected hepatocytes may
still be able to express HBe epitopes, in vitro studies have shown that the
expression of wt HBeAg can be decreased by the concomitant presence of
defective core proteins (100).
The other two patients, in Akara's study, had identical frameshift deletions
which resulted in the loss of the first nine codons of the overlapping P gene
(deletion of residues 135-144 of core protein). These two patients also had
additional mutations that created a premature stop codon resulting in truncation
of the core protein; otherwise translation of the core protein would continue till the
end of the P gene because of the frameshift. Naturally occuring P- genedefective HBV has been reported (25) but are uncommon. This is probably
related to the important replicative functions of the P gene products. P-defective
genomes can replicate with trans-complementation, the complementation is
however less efficient compared to S- or C-defective genomes (163).

Changes associated with interferon therapy
CTL responses evoked during IFN therapy are as vigorous as those found during
recovery from acute hepatitis, and the specificity of the responses is equally
broad (178). Therefore, it would be expected that IFN therapy may lead to CTLescape variants being generated. In agreement with this hypothesis, Naumov et
a! (151) reported that, compared with responders (i.e. those that achieved
HBeAg seroconversion), nonresponders and patients who relapsed were infected
with variants with more missense mutations in the preC/C gene. The nt changes
were particularly concentrated in an immunodominant HLA-A2-restricted CTL
epitope (residues 18-27). However, the majority of nonresponders were not HLAphenotyped so nonresponse could not be correlated to mutations in CTL
epitopes.
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Gunther et al (90) found that the HBV population circulating in a patient on
interferon therapy comprised of variants with mutations that clustered mainly
within B-cell epitopes in the preC/C region. Upon cessation of therapy the
spectrum of variants reverted almost completely to the pre-therapy state. This
study (90) identified residues 75-90 in the C gene, which putatively encodes a Bcell epitope, as the dominant site of mutations emerging in an IFN-treated
chronically infected patient. Mutations did not occur in sites known to affect T-cell
recognition.

Importantly,

reduced

binding of anti-HBe

by HBc/e peptides

synthesised from mutant sequences was demonstrated.
In contrast to these studies, Fattovich at a! (69) found no significant
sequential missense changes in the C gene between HBeAg-positive patients
who did or did not respond. Subsequent study findings are in agreement with
those of Fattovich at a! and include a much larger study involving Chinese
patients (30) and a study of Italian children (186). Fattovich did however observe
that anti-HBe-positive patients infected before therapy by wt experienced post
therapy reactivation of viraemia coinciding with the emergence of the 1896 pre
core mutants (69). This finding does suggest selection of pre-core mutants by
IFN. However, other studies do not substantiate IFN-induced take-over by pre
core mutants (112, 227). Therefore, there is no consensus reached as to whether
IFN selects for mutants, whether in the pre-core or core region.
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Polymerase Gene
Viral polymerases are prominent targets of the immune response. It is possible
that the HBV polymerase is likewise a target of the immune respone. HBV
polymerase shares a homology with retroviral polymerases, in particular they
share the YMDD (tyr-met-asp-asp) motif, which is essential for RT activity
(reviewed by Bartholomeusz et ai. (14))
Epitopes (see figure14)
CD-8+ Epitopes
In studies by Rehermann et a! (177), it was shown that acutely infected patients
with clinically obvious hepatitis B develop a strong HLA class I-restricted CD8+
CTL response to multiple epitopes in HBV polymerase protein. This CTL
response was not detectable in patients with chronic HBV infection or uninfected
healthy blood donors. Six HLA-A2-restricted CTL epitopes were defined within
the highly conserved reverse transcriptase and RNase H domains of the viral
polymerase protein. The length of HBV varries according to the HBV subtype,
consequently the numbering of aa sequence for the polymerase gene varies. For
HBV

ayw

subtype,

(GLSRYVARL),

these

562-570

epitopes

encompasse

(FLLSLGIHL),

803-811

aa

residues

442-450

(SLYADSPSV),

642-650

(ALMPLYACI), 538-545 (YMDDWLGA), and 760-769 (ILRGTSFVYV); the first
three of these being the most important ones. One of the aa residues 442-450
was also specific for CD4+ CTL clones.
The authors noted that CTLs specific for these epitopes should be able to
recognize infected hepatocytes, and therefore could play a role in viral clearance
and liver cell injury in vivo. Since the polymerase enzyme is required for the
earliest steps in the viral life cycle, they speculated that polymerase- specific
CTLs may play an important role in limiting viral spread thereby attenuating
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disease severity. This may explain why most individuals who are infected by HBV
develop a relatively mild, often subclinical, transient infection, being due in part to
the CTL response to this early antigen.
Interestingly, in one patient, wt viral DMA and RNA persisted, in trace
quantities, in the serum and PBMC for more than a year after complete clinical
recovery and seroconversion.

This was despite a concomitant, vigorous, and

sustained polyclonal CTL response. Thus it would appear that trace amounts of
wt virus persist in immunologically privileged compartments that can seed the
peripheral blood with virus and maintain the CTL response long after clearance
of viral antigens from the blood.

Mutations in non-overlapping domains o f the P gene
Mutations in this gene are expected to be lethal, and if they are identified in
nature, tend to he characterised by defective genomes. There are mutations that
disrupt the highly conserved YMDD motif of the polymerase gene conferring
resistance to antivirals (see review by Bartholomeusz at al.(14)).
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Figure 14. Epitopes identified in the Polymerase Protein
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Surface Gene
The envelope proteins of HBV are important targets for immune-mediated virus
elimination.

Several studies indicated that humoral and cellular immune

responses to epitopes of the pre SI, preS2 and S sequences play an important
role in protective immunity against HBV. Neutralising antibodies (anti-HBs)
directed against multiple epitopes in S protein are produced during infection and
following vaccination. Both linear and discontinuous B cell epitopes exist but it is
not known which of these are neutralizing in character.
Epitopes (see figure 15)
CTL Epitopes
Nayersina et al defined HLA-A2-restricted CTL response to four HBsAg epitopes
encompassing residues 88-96 (LLCLIFLLV), 97-106 (LLDYQGMLPV), 172-180
(WLSLLVPFV), and 185-194 (GLSPTVWLSV) (153).
In their study, involving 12 HLA-A2 patients with acute hepatitis, 9 out of
12 acutely infected patients developed a polyclonal, multispecific CTL response
to HBV and subsequently cleared the virus and completely resolved their liver
disease. However, none of 6 HLA-A2 patients with chronic hepatitis produced a
detectable CTL response to any of the epitopes tested. Based on these
observations they suggested that the virus-specific CTL response plays an
important role in viral clearance and, perhaps, in the pathogenesis of liver
disease during HBV infection.
B Cell Epitopes
The a determinant in the S protein is the region to which neutralising antibodies,
anti-HBs, are directed. Early studies using synthetic peptides indicated that the a
determinant is located between residues 138 to 149 of the S gene (21, 173).
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Later studies using mutagenesis (10) and aa replacement assays of immunising
oligopeptides (10, 193) identified key antigenic residues at a disulphide loop
stretching from codons 140-146. However, a-specifying epitopes may also lie
within a wider domain of the S polyprotein, extending as far as codon 110 (115).
Bruce and Murray (34) showed further that C l49 is important for antigenicity.
More recently phage display technology has revealed the presence of continuous
HBsAg epitopes between codons 115-129 (145), 117-122 (81) and 121- 124
(81). Similar studies by Chen et al demonstrated discontinuous epitopes between
residues 99 to 207 (50) and a monoclonal antibody only recognized the region
including residues CI2I-CI24.

CD4+ Epitopes
I can find no reports of defined CD4+ epitopes in the medical literature (medline
search).
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Figure 15. Epitopes identified in HBsAg.
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Mutations
There are little published data on the evolution of the S sequence during the
acute and chronic stage of HBV infection. It is possible that variants emerge
during the HBsAg/HBsAb seroconversion phase. A substantial amount of data
has accumulated on variants arising due to mutations in chronic infection within B
cell epitopes. There are scant data available regarding mutations in T cell
epitopes. Findings are summarised in Figure 16.
Mutations In T~cell epitopes
Nayersina et al (153), in their study of patients with acute and chronic hepatitis B,
found that sequence analysis of serum derived virion DMA in three patients who
did not manifest a CTL response to stimulation with the prototype peptide HBsAg
185-194 (GLSMWWLSV) were infected by a viral variant whose sequence
contained V194A substitution. The authors reported that HLA-A2-restricted CTL
could lyse target cells that had been pulsed with the prototype peptide HBsAg
185-194 but were unable to kill target cells that had been pulsed by a variant
peptide containing the alanine 194 substitution, even though the variant peptide
could bind to HLA-A2 as well as the prototype peptide. It is therefore possible
that mutations in this epitope may lead to immune escape leading to chronic
hepatitis but the absence of this mutation in the remaining 3 patients with chronic
hepatitis suggests that this mutation is not the sole cause of chronicity. Other
unidentified mutations may be of significance. They also noted, however, that all
patients with chronic hepatitis were infected by virus with the same aa sequence
as the HBsAg 172-180 peptide (WLSLLVPFV). CTL response to this peptide was
present in all patients with acute resolving hepatitis but absent in those with
chronic hepatitis. Therefore, they suggested that the variable CTL response to
this epitope was probably a function of host rather than viral factors.
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Figure 16. Mutations in HBsAg reported in the literature (see text for details)
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Mutations in B cell epitopes
Two classes of variants can be identified: those that occur naturally and may be
selected for over time, and those that are selected for as a result of medical
intervention by prophylaxis or therapy.
Natural heterogeneity o f S protein
Natural variation exists within the complete HBV genome such that variants can
be classified into six genotypes, designated with A-F, which predominate in
distinct regions of the world. Genotypes A and D are distributed widely in Europe
and the Indian subcontinent; B and C are restricted to the Far East, E to subSaharan Africa, and F to Central and South America. Genotype classification is
defined by >8% (up to 14% in genotype F (124)) divergence in sequence across
the whole genome (162).

Genotypes E and F share a unique substitution at

residue 140 of the S-gene (124). Normally, T140S is seen in genotypes E and F.
HBV can also be classified into serotypes called subtypes of HBsAg by
sequencing the S-gene to define four major subtypes that have been defined by
two mutually exclusive determinant pairs, d/y and w/r, and a common a
determinant (against which neutralising antibodies are raised). These subtypes
are adw, ayw, adr and ayr. A subtypic change of d to y, as well as w to r, can be
induced by an A to G difference at nt 365 (K122R) and nt 479 (K160R) in the S
gene, respectively (162). There are a further nine subtypes, defined by a 4%
difference in S gene sequence (157). Genotypes do not necessarily correlate
with HBsAg subtypes, although genotypes A and B tend to be adw, genotype 0
to be adw, adr and ayr, and genotypes E and F to be ayw, and adw.

Vaccination
The most common variant described in association with vaccine escape is
G145R. This was first described in vaccinated babies bom to carrier mothers in
Italy (48). Of the vaccinated babies, 2-8% showed signs of HBV infection (anti-
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H Be) and some were transiently HBsAg-positive despite adequate levels of antiHBs. In one patient who became an HBeAg- positive chronic carrier, 145R was
found whereas the mother's sequence was 145G. This suggests that the infant
selected a mutant that evaded the vaccine-induced immune response. 145R
expressed in a yeast system failed to bind anti-HBs after vaccination or natural
infection.

G145R can give rise to high-level viraemia (48). However, it is

unknown whether these variants are transmissible between people though
G145R can be transmitted to chimpanzees. This variant has also been identified
in Japan (78, 164).
A survey in Singapore of children born to HBeAg-poitive mothers and
receiving HBIG and vaccine at birth showed that 11.9% failed to respond to
treatment (167). Sixty-one per cent of these were shown to have viral strains with
no changes in the region residues 124 to 147, suggesting that they were infected
in utero. The remaining 39% had variants in the major hydrophilic region (MHR,
residues 99 to 161 of the surface protein) the majority of which were G145R.
Additional mutants described in Singapore included a double mutant of G145R
with D 144A and individual cases of D144A, Q129H, I/T126A and M133L. None
of these mutations, except for the latter M133L, were found in their mother's
serum. G145R is stable, as evidenced by persistence of infection with the same
variant for up to 8 years in children who have been followed-up.
Other vaccine candidates have been identified. One was reported in
children in the Gambia. 8.3% of the children studied were anti-HBc positive; of
these, 37.5% had high levels of anti-HBs (106). The only observed variant was
K141E, which may have been the infecting strain of virus or may have evolved
from a common local strain through population immune pressure. The prevalent
virus in this region is HBsAg subtype ayw4, which is encoded by HBV genotype
E. It was postulated that there is a link between genotype E and selection of the
K141E mutant.

101

In Sardinia, a study of 1560 vaccinated health care workers, revealed 13
anti-HBc-positive subjects, all of whom were

HBsAg-negative (47).

Four

individuals were PCR-positive, one of whom had 1110V and C 149R.
HBIg therapy
After liver transplantation, anti-HBs (either mab or HBIg) is generally given to
prevent reinfection of the grafted liver. The emergence of G145R has been
described in such passive immunolgically treated patients (134). Other changes
noted in the 8 protein in this study were at residues 137, 142, 144, 146, 148, and
160 - the significance of which is uncertain.
Ghany et al (82) followed 20 patients who developed recurrent HBV
infection and found that more than 50% had changes in the MHR and elsewhere
in the 8 gene (including one patient with an aa insertion (R) between aa 120 and
aa 121). They concluded that the development of mutations in the a determinant
correlated with the duration of HBIg therapy. Two studies have shown a mixed or
subpopulation of viruses present in the serum of patients prior to liver
transplantation, including G145R (38, 95). HBIg administered after a transplant
resulted in the emergence of a variant HBsAg as the dominant population.
Whether recurrent HBV is really due to immune escape is not proven, but
the data supports this hypothesis.

Diagnostically relevant variants
Mutations have been observed within the a determinant of Japanese chronic
HBV carriers who failed to clear HBsAg despite the appearance of anti-HBs (109,
222).

In the study by Yamamoto at a! (222), three changes were reported

including T126N orT 12 68 in two patients, G145R in another two patients, N126
and R145 in one case and an 8 aa insertion between aa 123 and aa 124 in the
remaining case. Kohno el a/'s study (109) reported mutations G130N, G145R,
and in one clone I/T1268. 8ome of these variants also carried pre81-or pre82-
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region deletions. These latter changes observed within the a determinant are
within the region where the polymerase gene overlaps and which is poorly
conserved. They do not adversely affect viral polymerase function, as variants
were replication-competent.
Mutations can also arise which are difficult to identify with standard
serological assays. For example in Papua New Guinea, where 5% of HBV DMA
positive carriers were HBsAg negative (47). Just over half of these cases had
variants with mutation localized in two regions: around residues 110-118 just
upstream of the d/y subtype-defining residue and between residues 154-158, just
upstream of the w/r-defining region. Furthermore, there are a number of reports
of anti-HBs negative patients, both with and without disease, who nevertheless
carrried HBV DMA in serum, liver and/or monunuelear blood cells (32). PCRpositive HBsAg-seronegative individuals are not common but accounted, in one
study, for 3% of Chinese anti-HBc positive patients (122). The most commonly
described variant was G145R.

Chronic carriers and immunosuppresion
Evolution of HBV has been observed over three generations in a family (164). A
change from the usual missense mutation at codon 126 of the S gene, causing
an aa substitution of isoleucine or threonine to asparagine was found. However,
in a study of immunosuppressed renal patients, only one out of eight patients
showed evolution of the S sequence, with mutation within the a determinant (46).
Insertions in the MHR have also been noted in an isolate from an
Indonesian patient who was treated for a lymphoma (44). During reactivation
hepatitis after chemotherapy, G145R and a unique 2aa insertion (122NT123)
were identified. Carmen speculates that as all the described insertions have been
between aal2l and 124, proposed to be a tight loop, the implications are that
insertions at most other sites within the MHR are not allowed and that aa121 to
124 is not functionally crucial.
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AIMS AND HYPOTHESIS

Whilst there Is a substantial amount of data available in the literature regarding
mutations within the HBV genome occuring during chronic hepatitis B, there is
only limited data available from a few studies investigating patients with clinically
obvious acute hepatitis B. These studies to date have used relatively insensitive
methods and have not detected significant evolution of immune escape mutants
of HBV during acute infection.
The appearance of jaundice indicates that infection has already peaked
and that virus is being eliminated. To comprehensively study genetic changes in
HBV arising during primary infection requires identification of infection during the
incubation or early clinical phase, which is difficult to recognise as being due to
HBV. Patients progressing to chronic disease are usually asymptomatic in the
early stages of infection.
The identification of the outbreak of hepatitis B provided us with a unique
opportunity to comprehensively investigate the evolution of the HBV genome
during the critical period of viral incubation and subsequent early clinical phase of
primary infection. We aimed to analyse the relationship between the genetic
evolution of HBV early in the course of infection and the outcome of the disease
to gain insight into mechanisms associated with viral clearance or persistence.
Our hypothesis was that viral persistence relates to the emergence of
HBV variants that escape immune responses involved in clearance of HBV
during the incubation and acute clinical phase of infection.
To test our hypothesis, patients were HLA typed enabling a systematic
comparative analysis of the location of mutations with putative T and B cell
epitopes of the core, polymerase, and surface regions. We then correlate these
mutations with the clinico-immunological sequelae of the acute hepatitis B illness
and the likeilihood of progression to chronic hepatitis B.
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MUTATIONAL ANALYSIS
The extent of HBV genomic diversity can be determined by amplifying specific
portions of the genome by polymerase chain reaction (PCR), cloning the PCR
product and sequencing multiple clones of the fragment. This method is,
however,

inadequate

for

rapid

and

accurate

assessment

of

genomic

heterogeneity in a quasispecies distribution within the viral isolate population,
especially if the variants constitute a minority of the viral population.
Hence, it is desirable to first perform screening for the putative nucleotide
variants that have undergone PCR amplification. Single-strand conformation
polymorphism represents one of the most frequently used techniques for the
detection of point mutations. SSCP is highly sensitive (92%) (96) in identifying
mutations within short (100-300 bp) PCR fragments but is disadvantaged when
used to screen for mutations in larger DMA molecules (accuracy is 75% for a
300-450 bp and only 58% for a 420-bp and 3% in a 600-bp fragment) (189).
One technique that has shown to be sensitive and accurate in screening
for

mutations

within

a

genomic

population

is

denaturing

gradient

gel

electrophoresis (DGGE) (149, 150). DGGE allows the resolution of DMA
fragments differing by as little as a single nuelcotide substitution. When
compared with other mutation detection protocols such as RNase protection and
HOT chemical cleavage, DGGE proved more reliable and sensitive (200). Direct
comparison between SSCP and DGGE has not been reported yet. So far DGGE
has largely been applied to the molecular analysis of human genetic disorders
(for a comprehensive review see reference (75)), but in a few studies it has been
applied to the analysis of viral genomic variation such as in Ovine Lentivirus
(221 ).

In view of the high sensitivity of DGGE in accurately screening for
mutations within moderately large DMA samples (300-450 bp), this method of
mutational analysis was chosen to study the genomic diversity and evolution of
HBV in acute and chronic hepatitis B infection.
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Denaturing Gradient Gei Eiectrophoresis
Theory of DGGE
Prior to DGGE, the wild-type (wt) and presumptive mutant (M) DMAs within a
sample are co-amplified by PCR and cloned.
The DGGE method is based on the principle that DNA is organized into
high- and low-temperature melting (Tm) domains. If a DNA molecule in solution
is electrophoresed across a linearly increasing concentration of dénaturant
(typically formamide and urea), the low-temperature melting domain of a DNA
duplex will become single-stranded, that is dissociated or denatured, at a specific
concentration of dénaturant. The denaturing conditions under which a domain
melts

are

extremely

sequence-dependent,

such

that a single

base-pair

substitution will often alter the point at which the transition to the melted state
occurs.
Sequence-dependent migration is, however, lost upon complete DNA
strand dissociation (PCR samples eventually run off the end of the gel). This
problem is overcome by introducing into the PCR fragment a G-C rich domain
(GC- clamp) which has a high Tm that prevents complete dénaturation (147,
148). Since a GC clamp as short as 40 bp can efficiently serve as a high Tm
domain for the DGGE analysis of most DNA fragments, one of the two PCR
primers used to amplify the target DNA sequence is designed with a 5' GC-clamp
tail to be incorporated at one of the ends of the resulting PCR product (189).
Therefore, during DGGE, the DNA fragments migrate through the gradient gel
and reach a position where the concentration of the denaturing agent results in
dénaturation of the DNA duplex. The duplex remains anchored at one end by the
GC clamp thereby causing marked retardation and subsequent arrest of its
electrophoretic mobility. A representative example of DGGE is shown in Figure
17.

106

The Tm of a melting domain is dependent on its nucleotide sequence.
Therefore, when DNA fragments differing by a single nucleocide change in their
lowest melting domain are electrophoresed through denaturing gradient gels,
branching and consequent retardation and eventual arrest of their mobility will
occur at different positions along the gel allowing their separation (150). The
introduction of the 'GC-clamp' enables almost 100% of mutations, within a -500
bp fragment, to be detectable by DGGE (147).
The DNA sequence affects the position in the gel at which the transition to
the melted state occurs. In some cases, the mutation will increase the Tm of the
low-temperature domain and the molecule will be found at a gel position below
the wt (higher concentration of dénaturant). Conversely, the mutation can
decrease the Tm of the low-temperature domain, and the molecule will be found
above the wt (lower concentration of dénaturant). Lastly, the mutation may not
affect the Tm and the molecule will be found at the same position as the wt.
Furthermore, AT -GC transitions at different base-pair locations may resolve from
one another leading to non-identification of the variant from dominant forms. The
DGGE gel position of a mutant depends on the specific nature of the mutation as
well as the local sequence context. For example, small shifts in Tm of the
corresponding melting domain may be due to transversions (AT to TA, GC to
CG) or mutations at the very end of cooperative melting domains, whereas
switches of G:C pairs to A:T pairs and vice versa, small deletions or insertions, or
multiple mutations normally lead to larger shifts in Tm.

107

Figure

17.

A

representative

example

of

Denaturing

Gradient

Gel

Electrophoresis.

Dom inant
band

Variants

P o l y a c r y l a m i d e g el with with g r a d i e n t o f u r e a a n d f o r m a m i d e

GC-clamped PCR amplified clonal fragments of HBV DNA were electrophoresed.
The molecules migrate into an increasing concentration of dénaturant (urea and
formamide) in a TAB buffer tank maintained at 60° 0. A single base-pair
substitution in a variant can result in either an increase or decrease in stability of
the double stranded DNA structure, thereby respectively resulting in arrest of
migration of the variant at either a higher concentration of dénaturant (lower
position in the gel) or lower concentration of dénaturant (higher position in the
gel) than the wild-type.
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METHODS
We evaluated over 1MB-pairs of genetic sequences from PCR-clones obtained
prospectively from ten patients in this single-source outbreak of hepatitis B. The
time of appearance of mutations was correlated with serum viral load, level of
aminotransferases, and the humoral immune response. The distribution of
mutations was correlated with known immune epitopes.
Patients
We studied two groups of patients for the emergence of HBV mutations:
Group 1 consisted of six patients identified in the incubation phase of acute
hepatitis B and who subsequently cleared HBsAg from serum. These patients
are indicated as follows:
Patient 1 : ES
Patient 2: MB
Patient 3: AC
Patient 4: SH
Patient 5: HH
Patient 6: SP
Group 2 consisted of a further four patients also identified in the incubation
phase but who neither had clinical symptoms of hepatitis or significant elevation
of their serum ALT/bilirubin. One year later these patients had still failed to clear
HBsAg from serum, heralding the progression to chronic hepatitis B. These
patients are indicated as follows:
Patient 7: MG (72-year lady on steroids for pneumonitis)
Patient 8: PR (19-year lady otherwise well)
Patient 9: BP (79-year Indian gentleman, both he and his brother in India
have CHB, he was source of outbreak)
Patient 10: AG (19-year lady on steroids and azathiprine for ulcerative
colitis)
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Prospective analysis
To investigate the flux in the HBV genome, mutational analysis was performed
on serum samples obtained prospectively in patients during the following time
periods:
Group 1 (acute resolving hepatitis B):
A. incubation with normal serum ALT
B. initial rise in serum ALT
C. peak serum ALT
D. decline in serum ALT
E. normalisation of serum ALT just prior to clearance of detectable serum
HBV DNA by the Roche Amplicor HBV Monitor Test (sensitivity of 400
copies/ml).

Group 2 (progressing to chronic hepatitis B):
Incubation phase and one year later.

HBV genomic open reading frames analysed
We analysed two genetic loci from three open reading frames:
-

HBV core antigen encompassing 435 bp (aa 1-145), and

-

HBSAg encompassing 402 bp (aa 86-220) plus overlapping

-

HBV DNA polymerase (aa 430-565).

Biochemistry and HBV serology
See page 37.
Serum ALT and serology are shown in figures 3 and 4 of chapter 2.
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HBV DNA quantification
See page 38.
Determination o f HLA type
HLA class I genes were determined by histochemicai staining of peripheral blood
lymphocytes. HLA typing of the study patients was determined in order to
investigate whether aa changes were occurring in epitopes presented by the
patient's class I alleles for CDS CTL immune responses.
Extraction o f HBV DNA
HBV DNA was extracted from serum using the QIAamp DNA mini kit (Qiagen
Ltd, Crawley, U.K.), according to the manufacturer's instructions.
Contamination control
To exclude DNA contamination, an HBV negative serum sample was included in
all extractions and subsequent PGRs. Also, DNA extraction and PCR were
performed in a separate room, pipetting devices were kept separately and
plugged pipette tips were used. All sera were divided into small aliquots. PCR
was performed under sterile conditions in a laminar flow hood and a separate
aliquot was used for each analysis. PCR contamination controls consisted of
nuclease free water added to the PCR mixture instead of DNA. A positive control
was also used for all PCR/DGGE experiments.
PCR Buffer Optimisation
PCR buffer conditions were optimised using the Opti-Prime PCR Optimization Kit
(Stratagene, Cambridge, U.K.), according to the manufacturer's instructions.
Choice o f polymerase in PCR
It is known that Taq polymerase (isolated from Thermus aquaticus) misreads the
template DNA during replication. While the majority of the molecules may contain
a polymerase-induced error, the fraction of molecules with an error at a given
base is small, and the DNA can generally be directly sequenced with no
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ambiguity. However, for analysis of a complex population of variants, the
polymerase- induced errors may cause an important reduction in the sensitivity of
the screening method. Therefore, we adopted the use of Expand High Fidelity
PCR System, which is composed of a mixture of thermostable Taq DNA and Pwo
DNA

polymerases.

Pwo

polymerase

has

an

improved fidelity for

PCR

amplification owing to the presence of 3' to 5' exonucleolease proofreading
activity. This results in a 3-fold increase in fidelity of DNA synthesis (8.5 x 10"®
bp/cycle error rate) compared to Taq polymerase (2.6 x 10 ®bp/cycle error rate
(39)).

PCR Amplification of HBV Core Gene
Nested PCR in thermal cycles was used to amplify a 419 bp region of the core
gene, between nucleotides (nt) 1895 and 2314. Extracted HBV DNA was
amplified in a final volume made up to 25 pi by the addition of nuclease free
water. The reaction mixture contained 20 mmol/L Tris (pH 8.4), 25 mM/L KCI, 3.5
mM/L

MgCb,

1 mM

dithiothreitol,

0.1

mM

EDTA,

0.125

mM/L

of 2 -

deoxynucleoside triphoshates (dATP, dCTP, dTTP, dGTP), 25 pmol of each
primer, and 0.69 U of Expand High Fidelity PCR System Enzyme mix (Roche
Molecular Biochemicals, Lewes, East Sussex, U.K.).

The primers used for the first round were:

Sense:

3'-GGGAGGAGATTAGGTTAA-5'

nt 1744-1761

Anti-sense:

5'-GTACAGTAGAAGAATAAAGC-3'

nt 2489-2508

The primers used for the second round were:

Sense:

3'-CCTCCAAGCTGTGCCTTG-5'

nt 1876-1895

Anti-sense:

5'-CCGGAAGTGTTGATAAGATA-3'

nt 2314-2233
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The PCR conditions were:
First round, initial incubation at 94°C for 30 s then 25 cycles of 94°C / 30 s,
annealing at 55°C/ 30 s, and extension at 72°C / 90s. A final extension at 72°C
was performed for 10 min.
Second round, initial incubation at 94°C for 30 s then 25 cycles of 94°C / 30 s,
annealing at 70°C with touch down reducing by 0.5 °C / 30 s to 55°C, and
extension at 72°C / 90s. A final extension at 72°C was performed for 10 min.
PCR Amplification o f HBV Surface/Polymerase Gene
Hemi-nested PCR in thermal cycles was used to amplify a 399 bp region of the
surface/polymerase gene, between nt 395 and 794. Extracted HBV DNA was
amplified in a final volume made up to 25 pi by the addition of nuclease free
water. The reaction mixture contained 20 mmol/L Tris (pH 7.5), 100 mM/L KCI, 5
mM/L

MgCb,

1 mM

dithiothreitol,

0.1

mM

EDTA,

0.125

mM/L

of 2'-

deoxynucleoside triphoshates (dATP, dCTP, dTTP, dGTP), 12 pmol of each
primer, and 0.69 U of Expand High Fidelity PCR System Enzyme mix (Roche
Molecular Biochemicals, Lewes, East Sussex, U.K.).

The primers used for the first round were:
Sense:

5'-GGA TGT GTC TGC GGC GTT T-3'

nt 375 to 394
Anti-sense:

5'- ACC CCA TCT TTT TGT TTT GTT AGG-3'

nt 838 to 861

Primers for the second round were:
Sense:

5'-GGA TGT GTC TGC GGC GTT T-3'

nt 375 to 394
Anti-sense:

5'-CAA AAG AAA ATT GGT AAC AGC GGT A-3'

nt 792 to 816
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The PCR conditions were:
First round, an initial incubation at 94°C for 1 min then 25 cycles of 94°C / 30 s,
annealing at 45°C/ 30 s, and extension at 72°C / 90s. A final extension at 72°C
was performed for 10 min.

Second round, an initial incubation at 94°C for 1 min then 25 cycles of 94°C / 30
s, annealing at 50°C/ 30 s, and extension at 72°C / 90s. A final extension at 72°C
was performed for 10 min.

Agarose gel electrophoresis
PCR products were analysed, alongside DNA markers (Promega, UK) by
ethidium bromide-stained agarose gel electrophoresis to confirm the presence of
amplified product of the appropriate size suitable for cloning procedure.
Cloning
Amplified PCR products derived from patient samples were cloned using the
TOPO TA cloning kit (Invitrogen, Groningen, The Netherlands), according to the
manufacturer instructions. In brief, PCR amplified products were ligated into
Vector pCR 2. 1 - TOPO using topoisomerase 1 enzyme and transformed into E.
coli cells. These were then plated out onto ampicillin-agar plates to which IPTG
and X-GAL had previously been spread. After incubation for 16 hours at 37°C,
white colonies were selected.
Colony PCR
Between 45 and 96 colonies with inserts were selected for colony PCR. A
sample of each cloned colony PCR product was added to PCR solution mix for
repeat PCR using the same buffer, primers and thermal cycling conditions as for
the second round but this time using a GC- clamp. PCR was limited to 15 cycles.
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A 40 bp GC-clamp (189) was attached using PCR technology to the 5' end of the
sense primer thereby giving the following primers:

Core GC clamped sense primer,
5'-CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG
CCTCCAAGCTGTGCCTTG-3'

Surface/Polymerase GC clamped sense primer,
5-GCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG
GGATGTGTCTGCGGCGTT T-3'

Preparation of dénaturant polyacrylamide solutions
Dénaturant acrylamide

solutions were

prepared

in 500ml

distilled water

containing 12% polyacrylamide (37.5: 1 acrylamide: bisaerylamide, supplied as
Protogel by National Diagnostics, Hull, Yorks. U.K.) and 0.6X TRIS-acetate
EDTA (TAB) buffer. Solutions were stored at 4°C. The following dénaturant stock
solutions were made by incorporating formamide (BDH, Poole, Dorset, U.K.) and
urea (BDH):
Dénaturant stock solution (10%): 4% formamide and 0.7 M urea
Dénaturant stock solution (40%): 16% formamide and 2.8 M urea
Dénaturant stock solution (60%): 24% formamide and 4.2 M urea
To deionize formamide approximately 25 g Dowex mixed-bed Resin was
added and the solution was gently mixed with a magnetic stirrer for 1 hr at room
temperature. Resin was then removed with a vacuum filter system. TAB solution
was added after this process.
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Preparation o f dénaturant gradient gel electrophoresis
Optimal dénaturant concentrations were determined such that the bands after
electrophoresis would read about two-thirds down the gel to permit good
resolution of variants from wt. For the core region, the gradient was from 10% to
60%, whilst that for the surface/polymerase region was from 0% to 40%.
30 ml of each gel solution was poured into a beaker and polymerization of
the solution was inititated by addition of 13 gL of A/A/A/A/-fefra-methylenediamine
(TEMED, Life Technologies) which was catalysed by adding 250 pi of 10%
ammonium persulphate (BDH).
The denaturing gradient gel was then poured into an upright acrylic gel
frame (Promega, Rotterdam, Holland) using a gravity driven gradient maker
(GRI, Braintree, Essex U.K.). Thus the gel contained a concentration gradient of
formamide and urea linearly increasing from the top to the bottom.
Each gel enabled the analysis of a large number of samples, which were
loaded in up to 48 wells, formed with a 48 square-toothed comb, at the top of the
gel. The gel was allowed to polymerise for 30 min.
Dénaturant gradient gel electrophoresis
Clamped PCR products (4 pi of each) were mixed with 4 pi of loading buffer
(10% Ficoll-400; lO m M TrisHCI (pH 7.5); 50mM EDTA; 0.25% xylene cyanol
FF) and pipetted into the gel wells. Gel Electrophoresis was performed overnight
with a run time of 16 h at 1 0 0 V in a tank containing 5 litres of 0.6X TAE buffer
maintained at a constant temperature of 60°C. Buffer was continuously circulated
throughout the electrophoresis tank using a peri-staltic pump. Two gels were run
simultaneously, each containing 48 wells. The samples examined were flanked
by positive controls in lanes 1 and 48, plus a negative PCR control in lane 47.
Gel staining
The gel was stained with SYBR Green 1 (Flowgen) at a concentration of 10 pi
stock solution per 100 ml of 0.6X TAE buffer (supplied as 10X stock by Life
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Technologies). Electrophoretic bands were visualised and photographed under
ultraviolet transillumination.
Gel purification o f colony PCR products
All colony PCR products identified through DGGE screening to have a variant
migration position were selected for sequencing. Up to five colony PCR products
per DGGE resulting in dominant bands (therefore indicating wild type) were also
selected for sequencing to assess the specificity of the DGGE in mutational
analysis. Prior to sequencing the colony PCR products were gel purified using
the QIAamp DNA gel extraction kit (Qiagen Ltd, Crawley, U.K.), according to the
manufacturer's instructions.

Sequencing o f variants and wild type
Sequencing was performed using the ABI-377 automated Prism DNA sequencer
(Babraham Institute, Cambridge, UK). Sequencing primers incuded both second
round primers to provide the full-length sequence in both forward and reverse
directions. The final product sequenced included ORF encoding residues for
HBV protein as follows:
CO RF
The last two residues of the pre-core region (encoded, nt 1895-1900) plus 145
residues from the start of the HBc/e protein.
PO R F
The first 10 residues of the polymerase protein (encoded by nt 2307 to 2336
overlapping C ORF) plus residues 426 to 565.
SO R F
Residues 83 to 220 encoding HBsAg.
Analysis o f sequence data
Sequences were aligned using the CLUSTAL W algorithm in the MegAlign
computer program from the LASERGENE NAVIGATOR package of DNAstar.
Amino acid sequences were determined using the MEGALIGN program and
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were once again aligned using the CLUSTAL W algorithm within this computer
program (201 ).
Genetic Diversity
Genetic diversity was quantified on both an intra and inter-patient basis by the:
-

number of strains (Ns) per serum sample, and

-

mean Hamming distances (94).

Hamming distance is defined as the number of aa differences between two
sequences. To calculate the Hamming distance, we used the formula:

Hd = (1 - s) X 100, where
Hd is the Hamming distance, and
s is the fraction of shared sites in two aligned nucleotide sequences.

The mean Hamming distance is the average of the values taken for all sequence
pairs derived from a single serum sample.
The mean Hamming distance, for variants compared to the master
sequence (dominant form), was calculated separately on ORFs for core, surface,
and polymerase in patients from both Groups 1 and 2.
Statistical analyses
Unpaired Welch's t test (217) was used to compare differences in Hamming
distances. Both these statistical analyses and calculations of genetic divesity
were performed by Professor Vince Emery of Department of Virology, Royal
Free and University College Medical School, London, United Kingdom.
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Comparison of sequence of wt and Genotype D subtype ayw in Genbank
(223)

A BLAST search was performed in Genbank to compare the wild type HBV
sequence of our patients with the sequence for Genotype D subtype ayw bearing
the closest identity. Mutations in ORF's studied in our patients' are as follows:

CORF
T1912C (silent), A1915T (silent), T1969C
(silent), C2053T (silent), A2074C (silent),
G2104A (silent), C2107T (silent),

(silent), A1993T (silent), A2011G
A2077C (silent), A2092G (silent),

G2121T (G74V), A2128G (silent), A2138G

(silent), 121390 (iSOA), C2143T (silent),

121670 (silent), A2242G (silent),

A2305T (silent).
G74V and I80A both reside within 0D4+ epitope 61-85 (105) and B cell
epitope 61-85 (184). I80A also resides within anti-HBel epitope 76-85 (182) / 7782 (183). No mutations in the wt occurred within 0D8+ O IL epitopes.

PO R F
A506G (H461R), 0507T (silent), 0533A (S470Y), 0537T (silent), 16190 (silent),
0705T (silent).
H461R and S470Y do not reside within recognised immune epitopes.

S ORF: HBsAg
A506G (T118V), 0507T (silent), 0533A (P127T), 0537T (A128V), T6190
(silent), 0705T (silent).
T118V, P127T and A128V reside within HBsAg B cell epitope 115-129
(145)/117-122 (81) /121-124 (81).
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DGGE AND SEQUENCING RESULTS
Figures 18 to 35 show D G G E gels of colony PCR-clones of core and surface /
polymerase regions derived from serum sam ples of patients in both Groups 1
and 2. Schematic diagrams show mutations identified. Colony PCR was
unsuccessful for core region of Patient 3 and polym erase/surface region of
Patient 4.
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Figure 21. Patient 5. HH - core
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Figure 27. Patient 1. ES - surface/polymerase
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Figure 28. Patient 2. MB - polymerase/ HBsAg
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Figure 29. Patient 3. AC - surface/polymerase
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Figure 31. Patient 5. HH - surface/polymerase
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Patient 6. SP - surface/polyinerase
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Figure 35.Patient 10. AG - surface/polymerase
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Figure 36. Summary of all core non-synonymous mutations Identified,
using DGGE, during the course of HBV Infection. For simplification, nonsynonymous mutations identified from all clones derived from all serum samples
for each patient are represented on a single schematic diagram.
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Figure 37. Summative diagramatic representation of ail mutations identified
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simplification, non-synonymous mutations identified from all clones derived from
all serum samples for each patient are represented on a single schematic
diagram.

GROUP 1:
Patient 1. ES (HLAA2)
430

----------

451

" ......................

494

505 511 514

.............

537

557

"■ 1--------516

S451C, S494F, P505L, S511T, L514I, A516V, S537I

Patient 2. MB (HLA A1, A32)

430

1

547 554

504

1

11

1504V, K547R, S554P
____ 1

Sequencing of the core region revealed a mutation at A2307G that results in a
missense mutation in the overlapping polymerase gene (ATG to GTG) leading to
loss of the initiatian codon for polymerase protein: M1V
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Patient 3.AC (HLA A1)
430

466

1___________________1___
N466S

Patient 5. H H (H LA A 2)
430

548

1

1

S548P

Patient 6 .3 P (H L A A11)
430

1

IT

1

446

488

511

535

1

1

1

543

1

1

537

455

A
446Del455 (twice), R488W, S511T, A535V, S537T (twice), V543A
GROUP 2:

Patient 9. BP
1

91 0

l _ u ------------------------------Sequencing of the core region revealed 2 mutations towards the start of the
overlapping polymearase gene (C2330T* and C2331G**) resulting in missense
mutations in the POLYMERASE PROTEIN: R9G* and R10D**, respectfully.
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Patient 8. PR
430

455

I____________L
R455S

Patient 10. AG

430

448

A448G
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Figure 39.Summative diagramatic representation o f ail mutations identified
in polymerase region
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448,451
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466

494
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446

1

910

I

u_

455

488

504 505 511 514

*

516

535 537

554 557

l' I I " '- - - - - 543 547 548

Sequencing of the core region revealed 3 mutations towards the start of the
overlapping polymearase gene (A2307G, C2330T and C2331G) resulting in
missense mutations in the POLYMERASE PROTEIN: M1V, R9G and R10D,
respectfully.

A2307G led to loss of the initiatian codon (ATG to GTG) for

polymerase protein.
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Figure 40. Summary of all HBsAg non-synonymous mutations Identified,
using DGGE, during the course of HBV Infection.

GROUP 1:
Patient 1. ES
83

108

143

154

168

173

182

194

i--------------------1
----------------------------------1
------H------1 111--------------I I ---------------------------------151

164

170

P108A, S143L, P151S, S154L, E164G, A168P, F170L, L173F, W182L, V194F,

Patient 2. MB
83

204

I______________________________________________________I____________
S204G
Patient 3. AC
83

123

I___________________ u
T123A

Patient 6. SP
83

168

103

112

192

194

A
1O3D0I112 (twice), A168P, L192F, V194L (twice), Y200H

158

200

GROUP 2:

Patient 8. PR
83

112

I____________L
G112A

Patient 10. AG

83

105

169

192

I_________ I______________________________ 1______ L_

P105A, R169H, L192P

Figure 41. Summative diagramatic representation o f ail mutations identified
in surface region
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DGGE mutation detection sensitivity and specificity
Core region (see tables 5-7)
In total for the core region, we sequenced 105 clones, 44 of which harboured a
mutation. DGGE mutation detection sensitivity was 80.4%, and specificity
87.6%. Ten clonal samples gave no band shift on DGGE analysis, i.e. false
negative result. Analysis of the nt sequence for false negative samples showed a
double mutation in one sample that may each give rise to higher and lower Tm
that effectively cancel each other out thereby resulting in no band shift. In the
remaining

nine

clonal

samples,

transitional

mutations

predominated

(7/9

samples) most of which were nt changes of I to C. This probably reflects the
overall predominance of transitional changes that occurred in all the variants.
The overall sensitivity and specificity of our DGGE for the core region
compares well with the reported values of SSCP for similar sized PCR fragments
(accuracy of 75% for a 300-450 bp and only 58% for a 420-bp)(189). Our
methodology has therefore been verified as a sensitive and accurate technique
to screen for mutations in DNA fragments of the core region differing by as little
as a single nt substitution.
Of 59 missense mutations detected, four fifths were transitional in nature.
Most of these were T to 0. One transitional mutation in Patient 2. MB resulted in
a nonsense (chain terminating) mutation.
Other mutations included 3 in-frame deletions for Patient 5. HH who had
acute resolving hepatitis B, and one in-frame deletion for Patients 9. BP plus 10.
AG both of whom progressed to CHB. An insertion was found in Patient 7. MC,
the importance of which is uncertain.
The majority of variant clones harboured a single mutation within the core
region. However in 23.5% (12/51) of all variants (derived from four of ten
patients) more than one mutation was identified. In all but one of these variants.
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there were two point mutations, but in Patient 9. BP, from Group 2, one variant
harboured as many as four point mutations.

Table 5. Summary of DGGE analysis of clonal samples for screening of
mutations in the core region.
PATIENT
1. ES
2. MB
3. AC
4. SH
5. HH
6. SP
7. MC
8. PR
9. BP
10. AG
TOTAL

True +ve
3
21
0
2
3
1
5
2
1
3
41

True -ve
6
15
0
4
2
7
13
1
1
2
51

False +ve
0
1
0
0
0
0
1
1
0
0
3

False -ve
2
1
0
3
0
1
2
0
1
0
10

TOTAL
11
38
0
9
5
9
21
4
3
5
105

Sensitivity = 80.4%
Specificity = 87.6%

Table 6. Mutations found on sequencing of clonal sample with no band shift on
DGGE analysis of core region, ie. false negative result.

PATIENT

MUTATION

1. ES

A to G twice

2. MB

CtoA

4. SH

1 to 0 thrice

6. SP

2 mutations

7. MC

T to 0 twice

9. BP

TtoA
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Clonal-types with more than one mutation in Core region
Total of 65 mutations from 51 clones.
39/51 (76.5%) clones have a single mutation.
2/51 (23.5%) clones have more than one mutation (range 2-4) as follows:
Patient 2. MB: 7/29 clones have 2 point mutations
Patient 6. SP: 2/4 clones have 2 point mutations
Patient 8. PR: 2/4 clones have 2 point mutations
Patient 9. BP: 1/4 clones has 4 point mutations
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Table 7. Point mutations identified on sequencing the core region of clonal
samples selected after screening with DGGE.
PATIENT

Ts

Tv

{

Mutation

1.ES

2. MB

4. SH

6. SP

7. MC

8. PR

9. BP

10. AG

Total

A to G

2

6

2

1

0

0

1

0

12

TtoC

1

11

3

1

4

1

0

2

23

CtoT

1

5*

0

0

0

1

1

0

8

G to A

0

2

0

2

0

0

0

0

4

CtoA

1

2

0

0

0

1

0

0

4

TtoA

0

1

0

0

0

0

1

0

2

AtoC

0

1

0

0

0

0

0

0

1

G to 0

0

1

0

0

0

0

0

0

1

TtoG

0

0

0

0

1

0

0

0

1

GtoT

0

0

0

0

1

0

0

0

1

0 to G

0

0

0

0

0

1

1

0

2

TOTAL

5

29

5

4

6

4

4

2

59

* = Including one nonsense (chain terminating) mutation
Number of Transition (Ts) mutations

= 4 7 (15 silent, 32 ie 68% missense)

Number of Transversion (Tv) mutations = 12 (2 silent, 10 ie 83.3% missense)
Total number of point mutations

= 5 9 (17 silent, 42 ie 71.2% missense)

Other mutations
Patient 5. HH has 3 clonotypes with in-frame deletions
Patient 7. MC has 1 clonotype with insertion
Patient 9. BP has 1 clonotype with in-frame deletion
Patient 10. AG has 1 clonotype with in-frame deletion

Total number of non-synonymous mutations = 48/65 = 73.8%
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DGGE mutation detection sensitivity and specificity
Poiymerase/ HBsAg region (Tabies 8-10)
In total for the polymerase/ HBsAg region studied, we sequenced 36 clones, 14
of which harboured a mutation. DGGE mutation detection sensitivity was 64%,
and specificity 80.6%. This is not quite as good as the sensitivity and specificity
obtained for the core region probably because the PCR fragments are different
and a different gel composition was used for DGGE. Five clonal samples gave no
band shift on DGGE analysis, i.e. false negative result. Analysis of the nt
sequence for false negative samples showed a double mutation in three samples
that may each give rise to higher and lower Tm that effectively cancel each other
out thereby resulting in no band shift. In the remaining two clonal samples,
transitional mutations occurred in which nt changes were T to 0. This probably
reflects the overall predominance of transitional changes that occurred in all the
variants.
The overall sensitivity and specificity of our DGGE for the polymerase/
HBsAg region compared similarly to the reported values of SSCP for similar
sized PCR fragments (accuracy of 75% for a 300-450 bp and only 58% for a 420bp) (189). Our methodology has therefore been verified as a reasonably accurate
technique to screen for mutations in DNA fragments of the polymerase/ HBsAg
region differing by as little as a single nt substitution.
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Table 8. Summary of DGGE analysis of clonal samples for screening of
mutations in the polymerase/ surface region.

PATIENT
1. ES
2. MB
3. AC
4. SH
5. HH
6. SP
TOTAL

True +ve
5
0
1
0
0
3
9

True -ve
1
6
2
3
5
3
20

False +ve
0
1
0
0
1
0
2

False -ve
0
2
0
0
1
2
5

TOTAL
6
9
3
3
7
8
36

Sensitivity = 64%
Specificity = 80.6%

Table 9. Mutations found on sequencing of clonal sample with no band shift on
DGGE analysis of polymerase/surface region, ie false negative result.

PATIENT

MUTATION

2. MB

T to 0, one with 2 mutations

5. HH

TtoC

6. SP

2 mutations twice
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Clonal-types with more than one mutation in poiymerase/surface region
Total of 11 mutations from 26 clones.
5/26 (57.7%) clones have a single mutation.
1/26 (42.3%) clones have more than one mutation (range 2-5) as follows:
Patient 1. ES: 1/11 clones have 2 point mutations
Patient 2. MB: 2/5 clones have 2 point mutations and a further 1/5 has 5
point mutations
Patient 3. AC: 1/2 clones have 2 point mutations

Patient 6. SP: 5/7 clones have 2 point mutations

Patient 9. BP: 1/2 clones have 2 point mutations

Patient 10. AG: 1/2 clones have 2 point mutations
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Table 10. Point mutations identified on sequencing the polymerase/surface
region of clonal samples selected after screening with DGGE.
PATIENT

Ts

Tv

{

Mutation

1.ES

2. MB

3. AC

5. HH

6. SP

9. BP

Total

A to G

1

3

1

0

0

0

5

TtoC

0

1

1

1

2

0

5

CtoT

5

1

0

0

2

1

9

G to A

0

0

0

0

0

0

0

CtoA

0

0

0

0

0

0

0

TtoA

0

0

0

0

0

0

0

AtoC

1

0

0

0

0

0

1

G to C

1

0

0

0

3

0

4

TtoG

0

0

0

0

0

0

0

GtoT

2

0

0

0

0

0

2

C to G

1

0

0

0

0

1

2

TOTAL

11

5

2

1

7

2

28

Number of Transition (Ts) mutations

= 17 (3 silent, 14 ie 82% missense)

Number of Transversion (Tv) mutations = 9 (0 silent, 9 ie 100% missense)
Total number of point mutations

= 28 (3 silent, 23 ie 88.5% missense)

Other mutations
Patient 6. SP has 2 clonotypes with in-frame deletions

Total number of non-synonymous mutations = 25/30 = 83.3%
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Global evolution of HBV
A total of 95 mutational events were observed in the analyses of 1.11 Mbp of
genetic data consistent with a relatively stable genetic population throughout
acute infection. Nevertheless, the majority of the mutations detected were nonsynonymous; average for all regions investigated was 76.8%; core region 48/65
mutations (73.8%); surface/polymerase 25/30 mutations (83.3%).
Interestingly,

patients

with

a

relatively

high

prevalence

of

polymerase/surface variants did not per se have a high prevalence of core
variants.
With infrequent exception, non-synonymous mutation in the polymerase
region resulted in non-synonymous mutation in the HBsAg region and vice versa.
Patients with acute resolving hepatitis had a similar frequency of nonsynonymous mutations within the core (2 x 10’"^/codon) compared to patients
who went on to develop chronic infection (1.5 x 10'"^/codon).
In the case of the surface/polymerase proteins, patients with acute
resolving HBV had a significantly higher frequency of mutations compared to the
chronic HBV group (acute resolving: 1.8 x 10'"^ /codon, chronic HBV: 0.65 x 10"^
/codon, p=0.01).

The mutation frequency in surface/polymerase in patients

progressing to chronic HBV was significantly lower than the frequency observed
in the core region of patients in either group (p=0.02).
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Kinetics of evolution

As all patients had a similar peak in serum HBV DNA level, the peak level of
viremia does not correlate with the genetic diversity and the number of viral
variants and subsequent outcome of primary HBV infection.
Overall, the core region had the greatest genetic diversity (average Hd =
0.3) when compared to either the surface or polymerase regions (average Hd
0.03 for both loci).
Patients with acute resolving HBV consistently exhibited a higher genetic
diversity in all three genetic loci when compared to patients who went on to
become chronically infected (see Figure 42). There was no correlation between
the mean per-patient Hd in core and either polymerase or surface but there was
a highly significant correlation between the mean per patient Hd in surface and
polymerase (R^ = 0.88; p=0.0001).
The results obtained by static analyses of genetic diversity during the
different phases of replication during primary infection were assessed by mean
Hd or by number of strains (Ns) present and are displayed in Figure 43. These
data illustrate the rapid expansion in Hd and Ns which occurs in the core region
between the earliest time during acute infection and the peak viral load, indicative
of the substantial immune responses directed at the core region during this
period. After seroconversion to anti-HBe, patients with resolving hepatitis showed
a contraction in genetic diversity within the core region as viral load declined. No
such effects were observed in either the surface or polymerase genes, where the
mean

Ns

remained

relatively

stable.

Compared

with

the

core

region,

polymerase/surface variants arose at an earlier stage of infection suggesting that
immune responses to the polymerase/surface region are initiated prior to antiHBc responses. Supporting this hypothesis is the finding in Patient 1, who was
HLA-A2, that during the incubation phase of infection, 0 0 8 + cell response
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specific to polymerase residues 562-570 occurred prior to core 18-27-specific
CD8+ cell response (215).

Figure 42.

Average genetic diversity, as measured by mean Hamming

distance (+/- SEM) in HBV core, surface, and polymerase regions in
patients with acute or chronic hepatitis B.
Hd was significantly greater for the core than surface and polymerase regions.
Hd for surface and polymerase regions was significantly greater in those patients
who resolve their acute hepatitis B infection compared to those who progress to
chronic hepatitis B.

w
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u
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m

0

patient type

170

Genetic distance

Figure 43.

Flux in genetic diversity during HBV replication in acute

resolving hepatitis B infection (average Hd shown for the six patients)
To investigate the flux in genetic diversity we segregated the course of infection
into three phases:
1. Time point a - earliest point prior to peak viral load
2. Time point b - peak viral load
3. Time point c - last sample where virus was detectable.
Samples were available from all six patients at these points. Rapid expansion in
Hd and Ns occurs in the core region between the earliest time during acute
infection and the peak viral load and subsequently there is a contraction in
genetic diversity as viral load declines. This is best-illustrated in Patient 1.
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core Hd ir
Patient 1

Mutational events in immunodominant regions

Results
The core protein of HBV is subject to multiple immune pressures. Consistent with
this fact, all the nonsynomymous mutations observed in the core region occurred
in regions previously mapped as either B, CD4 or CD8 epitopes.

Results for

mutational events for the core, polymerase, and surface regions are summarised
in tables 12 to 17.
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Table 11. Summary of epitopes within regions examined for which mutations
were correlated. CTL epitopes are restrictive for HLA-A2. * Indicates major
immune epitopes identified. N.i. indicates no epitope identified.

EPITOPE

CD 4

POLYMERASE

CORE
* 1-25 (105)/1-20
(72)____________
21 ^ 5 (105)
41-65 (1 0 5)/* 50-69

SURFACE

442-450 (177)

n.i.

iZ 2}_____________
61-85 (105)
81-105 (105)
117-131 (72)
* 442^50 (177)
CDS
18-27 (16,169)

562-570 (177)

1-20 (184,188)/1127 (188)

88-96 (153)
97-106 (153)
172-180 (153)
* 185-194 (153)
115-129 (145)

41-60 (184)
117-122 (81)
61-85 (184)
121-124 (81)

BCELL

* 76-85 (antiHBe1)(182)/
* 77-82 (anti-HBe)
(183)___________
* 101-120 (184) /107118(183)_________
121-140 (183)
* 128-136 (anti-HBe
e/b) (183)/ 1 30-138
(anti-HBe e2) (182)
138-145 (anti-HBe)

* 140-146 (10)/ 1 38149 a determinant
n.i.

(22)____________
141-160 (184)
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(21)

Table 12. Summary of all core non-synonymous mutations
Mutational analysis was performed on serum samples obtained prospectively
during the following time periods:
Group 1 Patients: A, incubation; B, initial rise in serum ALT; C, peak serum
ALT; D, decline in serum ALT; and E, normalisation of serum ALT just prior to
clearance of serum HBV DNA.
Group 2 Patients: X presentation; and Y one year later.

Patient HLA types are as follows: HLA A2 (Patients 1, 4, 5, and 7), HLA A1, A32
(Patient 2), and HLA A 11 (Patient 6). Patients 8, 9, and 10 were not HLA typed.

+ = Mutation lying within epitope. NA = mutation in HLA A2 restrictive epitope for
which this patient was HLA A11. f = Group 2 patient.

All core mutations occurred within B and T-cell epitiopes. Clustering of mutations
occurred in B cell epitopes 101-120 (and overlapping CD 4 + epitope 117-131),
anti-HBe e l

(residues 76-89) plus especially anti-HBe e2 / e/b epitopes and

carboxy terminal (residues 128 to 145). Only HLA-A2 positive patients who
resolved their acute HBV infection developed mutations in CTL epitope 18-27,
reflecting the immune pressure to which this epitope is associated with during
viral clearance. Patients who progressed to chronic hepatitis B generally did not
bear mutations that could differentiate them from those who resolved their acute
infection.

However,

Patient 8 (a young lady of Group 2 who was not

immunosuppressed) acquired core variants with mutation within all three major
CD 4+ epitopes 1-20 (P5H), 50-69 (L55F), and 117-131 (A131G) (72) suggesting
that mutation within CD4 + epitopes may play an important role in progression to
chronicity of primary HBV infection.
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A. Core mutations; Group 1 Patients

CORE
MUTATION
T12I
S21P
22del91
F24L
25del123
D29H
56del123
Q57K
Q57Nonsense
V85I
V86I
N90D
W102R
1105V
1105V
S106F
S106P
S106P
C107R
C107R
G111E
R112G
T114A
V115A
L119S
F122L
V124E
T128I
P129S
N136S
N136K
P144S

PATIENT
2
4
5
1
5
2
5
1
2

6
6
2
4
1
1
1
2
2

2
2
2
2
2
2
2
4
2
2
2
2
2
2

TIME
PERIOD
B
D
0
A
0
B
C
0
B
D
D
B
0
A
A
A
B
B

CD 4
+
+

+
+
+

E
B

+

+
+

+
+

+

+
+
+
+

+

+

+
+
+
+
+
+
+
+

B

B
B

+
+

+

+
+
+
+

Anti-HBe e2
Or
Anti-HBe e/b

+

+
4-

Anti-HB el

+
+

+

+

D
A
D

BCELL

+

D
D

B
B

CD 8
(HLA-A2)

+
+
+
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

B
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B. Core mutations: Group 2 Patients

Of Group 2 patients, only Patient 7 underwent H LA typing and was found to be
HLA-A2 but we did not identify any mutations in the HLA-A2 restricted 18-27
epitope for CDS cells.

CORE
MUTATION
P5H
V I3E
L16P
L16P
D29G
L55F
66Del85
L84R
102Del110
F103L
V II5 A
V120L
A131G
132lnsertion157
P144W

PATIENT

8
9
10
10
9

8
9

7
10
10

8
7
8
7
9

TIME
PERIOD
Z
Y
Y
Y
Y
Z
Y
Y
Y
Y
Z
Y
Z
Y
Y

CD 4

+
+
+
+
+
+
+
+

CD 8
(HLA-A2)

BCELL

Anti-HB e2
Or
Anti-HBe e/b

+
+
+
+
+
+
+

+
+

+
+
+

+
+

+
+
+
+
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Anti-HB e1

+
+

+
+
+

Table 13. Summary of core epitopes and nonsynonymous mutations occurring
within them.
Core: Group 1
Immune
Response

CD4

Core Epitope

1.ES

2.MB

4.SH

5.HH

*1-25 (105)

F24L

1121

S21P

22del91
25del123

1-20 (72)
21-45 (105)

F24L

1121
D29H

S21P

41-65 (105)

Q57K

Q57Nonsense

*50-69 (72)

Q57K

Q57Nonsense

22del91
25del123
22del91
25del123
56del123
22del91
25del123
56del123
22del91
25del123
56del123
22del91
25del123
56del123
25del123
56del123

N90D

*61-85 (105)

81-105 (105)

1105V (twice)

N90D

W102R

117-131 (72)

V124E
T128I
P129S
N136S
N136K
P144S

L119S

F122L

Immune Response
CDS
(HLA A2 restrictive)

1.ES
F24L

Core Epitope
*18-27 (16,169)
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4.SH
S21P

6.SP

V85I

V85I
V86I

5.HH
22del91
25del123

Immune
Response

Core Epitope

1.ES

2.MB

1-20
(184, 188)
11-27 (188)

F24L

T12I

41-60 (184)

Q57K

Q57Nonsense

4.SH

5.HH

S21P

22del91
25del123
22del91
25del123
56del123
22del91
25del123
56del123
22del91
25del123
56del123
22del91
25del123
56del123
25del123
56del123

T12I

*61-85 (184)

*76-85 (antiHBe1)(182)
*77-82
(anti-HBe)
(183)
*101-120
(184)

B cell
107-118 (183)

*121-140
(183)

*128-136
(anti-HBe e/b)
(183)
*130-138
(anti-HBe e2)
(182)
*138-145
(anti-HBe)
(22)
141-160 (184)

6.SP

1105V (twice)
S106F

S106P (twice)
0 1 07R (twice)
G111E
R112G
T114A
V115A
L119S
01 07R (twice)
G111E
R112G
T114A
V115A
V124E
T128I
P129S
N136S
N136K
T128I
P129S
N136S
N136K
N136S
N136K
P144S

P144S
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W102R
F122L

25del123
56del123

25del123
56del123

V85I

V85I

Core; Group 2
Immune
Response

CD4

Core Epitope
*1-25 (105)
1-20 (72)
21-45 (105)
41-65 (105)
*50-69 (72)
*61-85 (105)
81-105 (105)
117-131 (72)

7.MC

B.PR
P5H
P5H
L55F
L55F

L84R
L84R
V120L
132lnsertion157

9.BP
VI3E
V13E
D29G
66Del85
66Del85
66Del85

10. AG
LI 6P (twice)
LI 6P (twice)

102Del110
F103L

A131G

Of Group 2 patients, only patient 7 underwent HLA typing and was found to be
HLA-A2 but we did not identify any mutations in the HLA-A2 restricted 18-27
epitope for CDS cells.
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Immune
Response

B cell

Core Epitope
1-20
(184,188)
11-27 (188)
41-60 (184)
*61-85 (184)
*76-85 (anti-HBel)
(182)
*77-82
(anti-HBe) (183)
*101-120 (184)
107-118 (183)
*121-140 (183)
*128-136 (anti-HBe
e/b) (183)
*130-138 (anti-HBe
e2) (182)
*138-145 (antiHBe) (22)
141-160 (184)

7.MC

B.PR
P5H

9.BP

10.AG

V I3E

L16P (twice)

V I3E

L16P (twice)

L55F
L84R
L84R

66Del85
66Del85
66Del85
V115A

132lnsert157
132lnsert157

V115A
A131G
A131G

132lnsert157

A131G

102Del110
F103L
102Del110

P144W
P144W
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Table 14. Summary of all polymerase non synonymous mutations
During acute resolving hepatitis B, mutations tended to cluster in two segments of the
polymerase region encompassing residues 504 to 516 and 535 to 557. In Patient 6, a
deletion (446Del455) was found encompassing CD 4 + epitope 442-450. In Group 1
Patients, no nonsynonymous mutations were identified within the CD 4 + epitope 442450 and similarly no nonsynonymous mutations were identified for HLA-A2 patients
studied (Patients 1 and 5) within HLA-A2 restricted CTL epitopes 442-450 or 562-570 of
polymerase

region.

In contrast,

Patient

10

(not

HLA-typed) who

subsequently

progressed to CHB developed mutation within the CD 4 + and CD8+ epitope 442-450
(177) during the incubation phase of primary infection suggesting a possible role of this
mutation in this epitope in the aetiology of CHB. Sequencing of the core region revealed
three mutations towards the start of the overlapping polymerase gene (M1V, R9G and
R10D). In Patient 2, M1V mutation led to loss of the initiation codon for polymerase
protein.

POLYMERASE MUTATION

PATIENT

M1V
R9G
R10D
446Del455
446Del455
A448G
3451C
R455S
N466S
R488W
S494F
1504V
P505L
S511T
S511T
L514I
A516V
A535V
S537T
S537T
85371
V543A
K547R
S548P
S554P

2
9t
9t
6
6
AGt
1
PRf
3
6
1
2
1
1
6
1
1
6
6
6
1
6
2
5
2

TIME
PERIOD
B
Y
Y
C
A
X
D
X
B
C
C
D
C
D
C
C
D
A
A
A
D
A
D
A
A
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CD4

+
+
?

CD8 CTL
HLAA2

NA
MA
?

Table 15. Summary of polymerase epitopes and nonsynonym ous mutations
occurring within them.
Immune
Response

Polymerase
Epitope
442-450 (177)

1.ES

2.MB

3.AC

5.HH

446Del455
(twice)

CD4

Immune Response
CDS CTL
HLA A2 restricted

6.SP

1.ES

Polymerase Epitope
442-450 (177)
562-570 (177)
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5.HH

10. AG
A448G

Table 16. Summary of all HBsAg non synonym ous mutations
In the HBsAg region, mutations tended to cluster in two segments encompassing residues 164 to
173 and 192 to 204. Thus in primary HBV infection, mutations tended to cluster downstream of
the major hydrophilic region (MHR, residues 99 to 161 of the surface protein). Of 16
nonsynonymous mutations identified, two occurred within HLA-A2 restrictive CTL epitope of a
patient in Group 1; L173F (CTL 172-180) and V194F (CTL185-194) in HLA-A2 +ve Patient 1. In
two other patients, a further five mutations occurred within regions that are known to be CTL
epitopes for HLA-A2 patients. However, one patient was HLA-A11 and of Croupi (Patient 6:
harboured L192F and two clones with V194L, HLA-A2 CTL 185-194) and the other was not HLA
typed but of Group 2 (Patient 10: P105A, HLA-A2 CTL 97-106, and L192P, HLA-A2 CTL 185194). Thus mutation is relatively frequent between residues 192 to 194 perhaps reflecting CTL
immune pressure to which these residues are faced but mutation here does not appear to favour
HBV survival.

Interestingly, one mutation (S143L in Patient 1) was within the putative a

determinant of the S protein encompassing residues 140-146 (10, 193) / 138-149 (21), to which
anti-HBs is directed and did not lead to chronic hepatitis B. The other mutation (T123A in Patient
3) resides within linear B cell HBsAg epitope between residues 115-129 (145) /12 1 -1 24 (81) and
likewise did not predispose to chronicity.
HBsAg MUTATION

PATIENT

TIME PERIOD

103Del112
103Del112
P105A
P108A
G112A
T123A
S143L
P151S
S154L
E164G
A168P
A168P
R169H
F170L
L173F
W182L
L192P
L192F
V194F
V194L
V194L
Y200H
S204G

6
6
AGt
1
PRf
3
1
1
1
1
1
6
AG t
1
1
1
AG t
6
1
6
6
6
2

A
C
X
D
X
B
D
C
D
C
D
C
X
C
D
D
X
A
A
A
D
A
D

183

CD8 CTL
HLAA2
NA
NA
?

BCELL

+
+

+
?
NA
+
NA
NA

Table 17. Summary of HBsAg epitopes and nonsynonym ous mutations
occurring within them.

Group 1
Immune Response

CDS CTL
HLA A2 restricted

Immune Response

HBsAg Epitope

1.ES
(HLAA2)

6.SP
(HLAA11)

88-96 (153)
97-106(153)
172-180 (153)

L173F

185-194 (153)

V194F

V194L
TWICE

1.ES

2.MB

HBsAg Epitope

3.AC
T123A

115-129 (145)
117-122(81)
B cell

T123A

121-124(81)
140-146 a determinant (10)

S143L

138-149 a determinant (21)

S143L

Group 2
Immune Response
CDS CTL
HLA A2 restricted

10. AG

HBsAg Epitope
88-96 (153)
97-106 (153)
172-180 (153)

PI 05A

L192P

185-194 (153)

No B cell mutations found in Group 2 Patients.
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6.SP

Discussion
Core Mutations
All our patients were infected with Genotype D which is known to be associated
with pre-core mutation 1896 (180). Of the 51 clonal variants, none were found to
have pre-core mutation indicating in our two patient groups that pre-core
mutation did not have a role to play in either severity of acute hepatitis nor with
progression to CHB.
We found that mutations in both acute resolving hepatitis B and CHB
tended to cluster in two segments of 25 and 61 aa length of the core gene
encompassing residues 5 to 29, and 84 to 144 respectively. Additional
substitutions were found at residues 55 to 57 plus extensive deletions
encompassing residues 22 to 91, 25 to 123, and 56 to 123 in acute resolving
hepatitis B and encompassing residues 66 to 85, and 102 to 110.
Our findings are in broad agreement with studies in CHB that mutations
cluster in the mid-region, in the C-gene. In particular, mutations correlated in
location to putative mutation clustering regions (MCR) identified in CHB: MCR 1,
residues 84-101 (66, 67) and to a lesser extent MCR 2, residues 48-60 (56). We
did not include in our PCR fragments the putative MCR 3 (residues 147-155)
(56).

However, the majority of mutations in our study clustered or just

downstream of MCR 1, in a 35 aa segment encompassing residues 102 to 136.
Correlating core mutations with epitopes
All mutations that we identified, in isolated clones, appeared to be concentrated
at sites that coincide with major B and T-cell epitopes, indicating that variants
arise as a result of immune escape. Furthermore, all patients, in a proportion of
variants, had mutations that coincide with CD 4+, CD 8+, or B cell epitopes.
Mutations in CD4+ Epitopes. Of CD 4+ epitopes the most frequent one
affected for missense mutations was epitope 117-131 (in Patient 2 V124E, T128I,
P129S). Missense mutations in residues spanning positions 1-20 (72), / 1-25
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(105) of the CD4+ epitope were found in 3/5 patients with acute resolving
hepatitis B (F24L in Patient 1, T12I in Patient 2, and S21P in Patient 4) and in 3/4
in those progressing to CHB (P5H in Patient 8, V I3E in Patient 9, and L16P
twice in Patient 10). This CD4+ epitope is thought to be recognised by HBVinfected patients, irrespective of their HLA background (105).
Missense mutations were also identified in the CD4+ cell epitope between
positions 28-47 (72) / 21-45 (105) at residue 29 in both a variant in Group 1 and
2 (D29H in Patient 2, and D29G in Patient 9) suggesting that this residue may be
of some importance for site of immune response.
There was also a tendency for missense mutations between residues 5557 in epitope 41-65 (105) / 50-69 (72). Q57K occurred in Patient 1 and in Patient
2 a nonsense mutation at this residue created a premature stop codon resulting
in chain termination and non-translation of both HBcAg and HBeAg. Whether this
arose due to random mutation or was immune mediated is unknown but
represents a potential mechanism by which immune responses may limit viral
assembly. In Group 2 patients, L55F occurred in a variant of Patient 8.
Other CD 4 + epitopes affected included 61-85 (105) (Group 1; V85I in
Patient 6; Group 2: L84R in Patient 7) and 81-105 (105) (Group 1: 1105 twice in
Patient 1, N90D in Patient 2, W102R in Patient 4, and V85I plus V86I in Patient
6; Group 2: L84R in Patient 7).
Patient 8 (a young lady of Group 2 who was not immunosuppressed)
acquired core variants with mutation within all three major CD 4+ epitopes 1-20
(P5H), 50-69 (L55F), and 117-131 (A131G) (72) suggesting that mutation within
CD4 + epitopes may play an important role in progression to chronicity of primary
HBV infection.
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M utations in CTL epitopes. Studies of the CTL response in AHB have,
hitherto, found little evidence of mutations affecting CTL epitopes in the C protein
(17). It has been speculated that the vigorous and broadly reactive nature of the
CTL response during AHB (20), prevents CTL escape mutations from arising.
HLA typing revealed that 4 patients were HLA-A2-positive (Group 1:
Patients 1, 4 and 5; Group 2: Patient 7). HLA A2 tetramers containing the A2
resitrcted epitope core 18-27 showed that the three patients who had acute
resolving hepatitis B developed CD8+ T-cells directed at this epitope whereas the
patient who went on to develop chronic Infection did not have a detectable
response against this epitope (215). All of the patients with a detectable CD8+
CTL response developed mutations encompassing the core 18-27 epitope while
the remaining patients (n=7) showed genetic stability within the same core 18-27
region (p=0.01).

In our study of AHB, mutations in the core 18-27 epitope in

HLA-A2-positive patients, were identified as S21P (Patient 4), F24L (Patient 1),
and deletions starting within the epitope core 18-27 between residues 22 and 91
plus 25 and 123 in Patient 5.
Previous studies have shown that mutation within the core 18-27 epitope
is less efficiently recognised by the prototypic anti-core 18-27 CD8+ CTL
response than the wild type sequence (19), indicating that variants with mutation
within this epitope represent CD8+ CTL escape mutants. Thus, contrary to the
findings of Rehermann (179) but in agreement with those of Carman (45) and
Bertoletti (19), CTL pressure in HLA-A2 patients with AHB, appears to be
sufficient to give rise to variants with mutations in the 18-27 epitope albeit in
isolated clones.
M utations in B Cell Epitopes. Out of the five patients studied with AHB,
all were found to have mutations clustering within the main B cell linear epitopes
within residues 61-85 (184) (includes anti-HBe epitope e l), 101-120 (184),
and/or 121-140 (183)(includes anti-HBe epitope e2/eb) of HBc/eAg. We identified
B cell epitope 101-120 (184) as the dominant site of mutations emerging in the C
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gene. This differs from the findings of Carman et a! (41), whose large sequential
study of Mediterranean patients with CHB identified mutations occurring in the T
helper epitope from residues 50 to 69 as being disease associated with disease
remission and seroconversion to anti-HBe-positive whilst ongoing disease
associated with mutations occurring in the B cell epitope residues 74-83.
Within B cell epitope 101-120 in our Group 1 patients, missense mutations
occurred as follows; Patient 1, 1105V (twice) and S106F; Patient 2, S106P
(twice), C107R (twice), G111E, R112G, T114A, V115A, and L119S; Patient 4
W102R and F122L. Mutations within this epitope were less frequently seen in
CHB but did include V115A in Patient 8, F103L in Patient 10, V I20 L in Patient 7,
plus a deletion encompassing residues 102 to 110 in Patient 10.
The impact of aa changes in B-cell epitopes of the core protein is not
understood. Our data indicates that aa changes in B-cell epitopes of the core
protein is a more frequent occurrence in Group 1 patients with acute resolving
hepatitis B as opposed to Group 2 patients with CHB. Thus whilst in the case of
the surface region of HBV, isolated aa changes in B-cell epitopes lead to the
abolition of neutralising antibody binding (213), aa changes in B-cell epitopes of
the core protein may reflect immune escape they do not ultimately appear to
favour chronicity of infection.
M utations in HBeAg B Cell Epitopes. Although HBcAg and HBeAg
share 149 amino acid residues, these proteins are immunologically markedly
different. We found that mutations involving putative linear epitopes specific for
anti-HBe B-cells were a relatively frequent occurrence.
Identified mutations in HBe e l epitope (182) (encompassing residues 7689) included in Group 1, V85I plus V86I in Patient 6; and in Group 2, L84R in
Patient 7.
The second

HBe epitope,

more frequently than

HBe e l

epitope,

harboured a mutation. Thus, in Group 1, missense mutations in HBe e2 (residues
130 to 138) (182) / anti-HBe e/b (residues 128-136) (183) / anti-HBe (residues
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134-140) (22), occurred in Patient 2 at T128I, P129S, N136S, N136K, and
P144S. In Group 2, missense mutations in the second putative anti-HBe epitope
included A131G in Patient 8, and P144W in Patient 9. An insert at residue 132
measuring 25 aa was found in Patient 7, the relevance of which is unclear.
M utations in the Carboxy-Terminai. P144S in Patient 2 (AHB) and
P144W in Patient 9 (index case with CHB) resides within the carboxy-terminal
region of HBcAg that harrbours B cell epitope 141-160 (184). This incorporates a
critical domain in the viral nucleocapsid protein that is essential for its nuclear
localization (65) and genome packaging functions (152) as well as processing of
the pre-core protein (197). Mutations here may therefore be incompatible with
viral replication.
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Summary of nonsynonymous mutations In core region
The spectrum of missense mutations is similar for patients with both acute
resolving hepatitis B and progression to chronic hepatitis B.
The major sites for clustering of missense mutations within the core gene
include B cell epitopes 101-120, and anti-HBe e l

(residues 76-89) plus

especially anti-HBe e2 / e/b epitopes and carboxy terminal (residues 128 to 145).
CD 4 + epitope 117-131 overlaps with B cell epitopes 101-120 and antiHBe e2 / e/b epitopes so mutations here will affect both epitopes though it is
unclear as to which immune response is the driving force giving rise to these
mutations. Additional CD4+ cell epitopes affected by missense mutations were
residues spanning positions 1-20 (72), /1 -2 5 (105); 28-47 (72) / 21-45 (105); 4165 (105) / 50-69 (72); 61-85 (105), and 81-105 (105).
Patient 8 (a young lady of Group 2 who was not immunosuppressed)
acquired core variants with mutation within all three major CD 4+ epitopes 1-20
(P5H), 50-69 (L55F), and 117-131 (A131G) (72) suggesting that mutation within
CD4 + epitopes may play an important role in progression to chronicity of primary
HBV infection.
Clustering of missense mutations in CTL epitope 18-27 occurred only in
HLA-A2 positive patients who resolved their acute HBV infection suggesting that
the driving force for CTL escape mutation is the immune response.
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c Gene Deletions
Our study is the first to identify C gene deletions occurring in acute phase of HBV
infection. All deletions were in-frame.
In concordance with previous studies of patients with CHB (2, 129), we
find that C-defective viruses always co-exist with wt containing the full-length
core gene. Additionally, as with previous studies (1, 161, 198, 212), most C-gene
mutations occur in the central region.
However, unlike studies by Marinos at al (129), who conducted a
longitudinal study of patients with CHB, we did not find that C-defective viruses
were associated with significantly lower levels of viraemia and significantly more
necroinflammatory activity in the liver as indicated by elevation of serum
aminotransferases. Furthermore, contrary to their finding, longstanding infection
was not a prerequisite for their derivation.
Thus in Patient 5 with AHB, at the a serum ALT of 1628 iu/ml with an HBV
DMA in serum of 1.16 x 10® copies/ml (Roche Amplicor Monitor Assay), 3/45
clones were identified by sequencing to have deletions between residues 22 to
91 (70 aa), 25 to 123 (99 aa), and 56 to 123 (67 aa). It is interesting to note that
two of these deletions extended down stream as far as the same residue at
position 123. In Group 2 patients. Patient 9 (the index case with longstanding
CHB), had a variant harbouring a deletion encompassing residues 66 to 85 (20
aa) during a level of viraemia of 12 x 10 ®copies/ml (Chiron Assay) and Patient
10, who progressed to CHB, within a few weeks of infection had a variant with
deletion between residues 102 and 110 (9 aa).
The clinical significance of these defective genomes is uncertain. In vitro
studies

have

shown

that

C-defective

viruses

can

replicate

by

trans

complementation from wt virus as well as defective genomes (100, 163). It is
thought that the C-deletion mutants confer a selective advantage by evading
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immune surveillance, as the deletions almost always involve loss of B and T cell
epitopes located in the C gene.
Loss of B and T cell epitopes is indeed confirmed in our study. In Patient
5, 22del91, 25del123 and 56del123 encompassed CD4+ epitopes 1-25 (105), 2145 (105), 41-65 (105), 50-69 (72), 61-85 (105), 81-105 (105), and 117-131 (72).
Patient 5 was HLA-A2 positive so both 22del91 and 25del123 also encompassed
the HLA-A2 restricted CTL epitope 18-27. The regions affected by 22del91,
25del123 and 56del123 also harbour major B cell epitopes 11-27 (188), 41-60
(184), 61-85 (184), 77-82 (183), 101-120 (184), 107-118 (183), and 121-140
(183) plus anti-HBe e l epitope 76-85 (182).
In Patient 9, 66Del85 encompassed CD 4 + epitopes 50-69 (72), 61-85
(105), and 81-105 (105) plus B cell epitope 61-85 (184) and 76-85 anti-HBe e l
(182).
In Patient 10, 102Del110 encompassed CD 4 + epitope 81-105 (105) and
B cell epitopes 101-120 (184) and 107-118 (183).
It is possible that deletions of B and T cell epitopes may help to evade
immune clearance thus favouring persistence of HBV infection. Furthermore, in
vitro studies have shown that the expression of wt HBeAg can be decreased by
the concomitant presence of defective core proteins (100), though in our study
quantification of HBeAg was not performed.

However, as in Group 1 patients

with missense mutations, viral clearance does eventually occur so these Cdeletion mutants do not appear to ultimately favour survival of HBV.
Supporting our observation that C-defective mutants do not confer a
survival advantage, Marinos et ai (129) also found in CHB that mutant strains
were

preferentially

eliminated

after

IFN-a

induced

or

spontaneous

seroconversion to anti-HBe and did not persist in preference to the wt under
enhanced host immune response.
Deletions that we have observed, are located within the N-terminal
functional domain which is necessary for core particle formation (23, 224). Our
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study perhaps suggests that C-deletion represents one mechanism through
which the host immune system clears HBV.
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Polymerase / HBsAg Mutations
There is very sparse data in the literature regarding mutations in the acute phase
of HBV infection occurring in the polymerase/ HBsAg region. Our study provides
a valuable knowledge that mutations do arise in the nt and aa sequence of
polymerase/

HBsAg

region

in self-limiting

AHB.

Furthermore,

the

early

recognition of patients in Group 1 enabled us to identify mutations arising in the
incubation phase of AHB.
We found that nonsynonymous mutations in acute resolving hepatitis B
tended to cluster in two segments of the polymerase region measuring 13 and 23
aa length encompassing residues 504 to 516 and 535 to 557, respectively. Other
isolated nonsynonymous mutations were found upstream of these clustering
regions.
Sequencing of the core region revealed, in isolated clones, 3 mutations
towards the start of the overlapping polymerase gene (A2307G, C2330T and
C2331G) resulting in missense mutations in the polymerase protein: M1V, R9G
and R10D, respectfully. In Patient 2, A2307G led to loss of the initiation codon
(ATG to GTG) for polymerase protein (M1V). This occurred during the early
clinical phase of AHB when serum ALT was climbing and at a level of 385 iu/ml
with serum HBV DMA 6.82 x 10® copies/ml (Roche Amplicor Monitor Assay). In
Patient 9, who was the index case with CHB, with normal serum ALT and serum
HBV DMA of 12 x 10® copies/ml (Chiron Assay), a variant carried two missense
mutations in the overlapping polymerase protein (C2330T giving R9G and
C2331G giving R10D, respectfully).
Similarly, we found in the HBsAg region, that nonsynonymous mutations
in isolated clonal variants in patients with acute resolving hepatitis B, tended to
cluster in two segments measuring 10 and 13 aa length encompassing residues
164 to 173 and 192 to 204, respectively. Other isolated nonsynonymous
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mutations were found upstream of these clustering regions. Thus in AHB,
nonsynonymous mutations although occasionally present within the major
hydrophilic region (MHR, residues 99 to 161 of the surface protein), were mainly
downstream of it. The significance of this is uncertain.
None of the mutations that we identified in the HBsAg region of patients
with AHB were in residues that have previously been commonly reported to be
sites of mutation in patients with CHB or receiving vaccine/immunoglobulin
therapy (47).

The exception to this was residue 194 (V194F once and V194L

twice in our study) which has been reported by Nayserina et al (V194A) (153).

Correlating Polymerase Mutations with Epitopes
Mutations in CD4 + Epitopes. A deletion encompassing residues 446 to
455 was found in an isolated clone derived from a serum sample taken in Patient
6 involved CD 4 + epitope encompassing residues 442-450 (177). For Group 1
patients, no missense mutations were identified within the CD 4 + epitope of
polymerase region. However, A448G was identified within CD 4 + and CD8+
epitope 442-450

(177)

during

the

incubation

phase

of Patient

10 who

subsequently progressed to CHB. This patient was not HLA-typed.
Mutations in CTL Epitopes. For HLA-A2 patients (Patients 1 and 5) no
nonsynonymous mutations were identified within HLA-A2 restricted CTL epitopes
442-450 or 562-570 which are thought to be the major CTL epitopes of the
polymerase region (177). Patient 6, as for the CD 4 + epitope, carried a deletion
between residues 446 to 455 within an isolated clone that encompasses residues
442-450 but this patient was HLA-A11 for which HLA type it is unknown whether
or not this region is specific for CTL response.
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P Gene Deletions
Our study indicates that P- gene-defective HBV occur in AHB but are
uncommon. This is in keeping with previous reports in patients with CHB (25).
We identified in Patient 6 a deletion of 10 aa length encompassing residues 446
to 455 of the polymerase protein. Significantly, this deletion was present in two
clones derived from two different serum samples taken at two different time
points: incubation (normal serum ALT HBV DMA 2.05 x 10® copies/ml) and
clinical acute hepatitis with serum ALT 1150 and serum HBV DMA of 1.25 x 10®
copies/ml. This deletion encompasses residues 442-450, which according to
studies by Reherman et al (177) encode for CD 4 + epitope and HLA-A2
restricted CTL epitope.

Patient 6 was HLA - A ll. It is unknown whether this

mutation is harboured by a CTL epitope for this HLA type so no direct
interpretation can be made of potential immune escape as a method of its
derivation but this may be an underlying mechanism.
P-defective

genomes

can

replicate

by

trans-complementation,

the

complementation is however less efficient compared to S- or C-defective
genomes (163). Thus deletions in the P-gene may be a mechanism by the
immune response in abrogating viral replication.
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Summary of Polymerase Nonsynonymous Mutations
More than one nonsynonymous mutation was identified in most variant clones
derived from patients with AHB. Nonsynonymous mutations in acute resolving
hepatitis B tended to cluster in two segments of the polymerase region
measuring 13 and 23 aa length encompassing residues 504 to 516 and 535 to
557, respectively. Nonsynonymous mutations included in the overlapping core
gene, loss of the initiation codon (ATG to GTG) for polymerase protein (M1V).
For Group 1 patients, in the overlapping HBsAg gene, no missense mutations
were identified within CD 4 + or CTL epitopes of the polymerase region but a
deletion of 10 aa length encompassing residues 446 to 455 of the polymerase
protein was identified that encompasses residues 442-450 which encodes CD 4
+ epitope and HLA-A2 restricted CTL epitope, though this patient was HLA-A11.
During the incubation phase of Patient 10 who subsequently progressed to CHB,
A448G was identified within CD 4 + and CD8+ epitope 442-450 (177). This patient
was not HLA-typed.
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Correlating HBsAg mutations with epitopes
There are little published data on the evolution of the S sequence during the
acute and chronic stage of HBV infection. A substantial amount of data has
accumulated on variants arising due to mutations in chronic infection within B cell
epitopes. There are scant data available regarding mutations in T cell epitopes.
Our study is the first to examine the evolution of HBsAg in acute infection.
Variants do emerge perhaps related to HBsAg/HBsAb seroconversion phase. Of
16 nonsynonymous mutations identified, four occurred within recognised CTL or
B cell linear epitopes suggesting that these residues are important for immune
responses but that other regions of the surface are also important.
M utations in CTL epitopes. In Patient 1, who was HLA-A2, we identified
isolated clones derived from the same serum sample that harboured missense
mutations L173F and V194L. These mutations reside within HLA-A2 restricted
CTL epitopes encompassing residues 172-180 and 185-194, respectively of
HBsAg (153). These missense mutations were identified at a time of decline in
serum ALT to 171 iu/ml and HBV DMA to 4.80 x 10^ copies/ml, i.e. just prior to
viral clearance. Residue 194 was also a site for mutation in Patient 6 (V194L) in
two variants derived from serum taken in the incubation phase. However, Patient
6 was HLA-A11 and not HLA-A2. It is unknown whether this mutation is
harboured by a CTL epitope for this HLA type so no direct interpretation can be
made other than there being a predilection for mutation at this site. In this patient
viral clearance occurred suggesting that mutation within this CTL epitope was
insufficient to allow immune escape and persistence of infection and CHB to
ensue. During the incubation phase of infection in Patient 10, who progressed to
CHB, mutation was identified within two CTL epitopes (97-106 and 185-194
(153)).
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M utations in B Cell Epitopes. The envelope proteins of HBV are
important targets for immune-mediated virus elimination. The region of HBsAg
that we studied included discontinuous B cell epitopes identified between
residues

99 to 207

(50).

Throughout this

region we found

numerous

nonsynonymous mutations.
In Patient 1, we identified S143L which is within the putative a determinant
of the S protein encompassing residues 140-146 (10, 193) / 138-149 (21), to
which anti-HBs is directed. Changes observed within the a determinant are within
the region where the polymerase gene overlaps and is poorly conserved. They
do not adversely affect viral polymerase function as variants are replicationcompetent (101).
We also identified in Patient 3, T123A which is within the linear B cell
HBsAg epitope between residues 115-129 (145) /1 2 1 -1 2 4 (81).

D eletions in HBsAg
Deletion encompassing residues 103 to 112 (10 aa length) of HBsAg occurred in
an isolated clone in Patient 6. Significantly, this deletion occurred at two time
points: incubation (normal serum ALT HBV DMA 2.05 x 10® copies/ml) and
clinical acute hepatitis with serum ALT 1150 and serum HBV DMA of 1.25 x 10®
copies/ml. This deletion encompasses HLA-A2 restricted CTL epitope 97-106
(153). Patient 6 was HLA - A ll. It is unknown whether this mutation is harboured
by a CTL epitope for this HLA type so no direct interpretation can be made of
potential immune escape as a method of its derivation but this may be an
underlying mechanism.
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Summary of HBsAg Nonsynonymous Mutations
More than one nonsynonymous mutation was identified in most variant clones
derived from patients with AHB. In AHB, nonsynonymous mutations tended to be
downstream of the major hydrophilic region (MHR, residues 99 to 161 of the
surface protein). Nonsynonymous mutations clustered in two segments of the
HBsAg region measuring 10 and 13 aa length encompassing residues 164 to
173 and 192 to 204, respectively. The exception to this was residue 194 (V194F
once and V194L twice in our study). CTL epitopes encompassing residues 172180 and 185-194 of HBsAg (153), harboured missense mutations L173F (HLAA2 patient) and V194F (HLA-A2 patient) plus V194L (HLA-A11

patient),

respectively. Nonsynonymous mutations were found throughout the region of
HBsAg that we studied that is known to include discontinuous B cell epitopes
between residues 99 to 207 (50). Nonsynonymous mutation (MS143L) was
identified within the putative a determinant of the S protein encompassing
residues 140-146 (10, 193) /138-149 (21), to which anti-HBs is directed. We also
identified in Patient 3, T123A which is within the linear B cell HBsAg epitope
between residues 115-129 (145) / 121- 124 (81). In two clones, two identical in
frame deletions encompassing residues 103 to 112 (10 aa length) of HBsAg
occurred. This deletion encompasses HLA-A2 restricted CTL epitope 97-106
(153) though this patient was HLA - A ll. During the incubation phase of infection
in Patient 10, who progressed to CHB, mutation was identified within two CTL
epitopes (97-106 and 185-194 (153)).
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Conclusions
This is the first comprehensive study of primary HBV infection, incorporating both
the incubation and subsequent clinical phase, to investigate prospectively the
evolution and diversity of the HBV genome and correlate this with the outcome of
disease.
We have defined the replication kinetics of HBV during acute primary
infection in a group of patients infected through autohaemotherapy. During this
early phase of infection, HBV has a doubling time of approximately 3.3 days and
a corresponding basic reproductive number (Ro; the number of new infections
arising from one infected cell) of 5.5. Our study has also revealed that during the
acute phase of replication it is likely that all single site mutations within the
genome could be generated.
Using a combined approach of DGGE to screen multiple clones followed
by DMA sequence analyses we investigated sequence evolution at two genetic
loci (3 ORF) within the HBV genome.

These regions encompassed a 435bp

region of the HBV core antigen (aa 1-145, which overlaps with the first 10
residues of the polymerase protein) and a 402 bp region encompassing the
HBSAg (aa 86-220) and the HBV DMA polymerase (aa 430-565).
A total of 95 mutational events were observed in the analyses of 1.11
Mbp of genetic data consistent with a relatively stable genetic population
throughout acute infection. However, given that we would expect about 0.32% of
newly produced virions to harbour a mutation (218), the observed core or
polymerase/surface variant prevalence of up to 10% along with the very high rate
of nonsynonymous mutation

(average for all regions investigated: 81%)

occurring in a nonrandom fashion indicates that these variants are undergoing
evolutionary selection.
Whether variants are more pathogenic is unclear but our data clearly
shows that patients with acute resolving HBV exhibit a significantly higher genetic
diversity in all three genetic loci compared to those patients who progress to
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chronic disease. For the core region, there is a rapid expansion in genetic
diversity between the earliest time during acute infection and the peak viral load
which coincides with the period of anti-HBc/HBe sero-conversion and acute liver
damage

as

indicted

by

elevation

of

serum

aminotransferases.

After

seroconversion to anti-HBe, there was a contraction in genetic diversity within the
core region as viral load declined.
Interesting, we observed a higher frequency of mutations occurring in
Patent 2 who, of Group 1 patients, developed the most severe acute hepatitis
with a serum bilirubin peaking at 847 mmol/pl (normal range 5- 1 7 mmol/pl) and
a decline in hepatic synthetic function with a serum albumin of 27 g/l (normal
range 35-50 g/l) and a prolonged prothrombin time of 24.7 s (normal range less
than 16 s).
Our study implies that the immune clearance phase of acute infection is
associated with the appearance of mutations rather than progression to
chronicity. However, variants with non-synonymous mutations did occur in CHB
and generally increased in frequency with duration of infection. Our data is
consistent with reports of missense mutation in the core protein being associated
with fulminant and severe hepatitis (66) and studies of patients with CHB in
whom the prevalence of core mutation is linked to sero-conversion to anti-HBe
(2, 26, 30, 45, 56, 66, 212).

Furthermore, Patient 2 also had the fastest viral

doubling time (2.2 days) (218). It is possible that increased viral reproduction
within hepatocytes or shedding from infected cells results in increased rate of
generation of mutations thereby increasing the level of genetic diversity of HBV
and thus offering enhanced potential for immune escape. Our data on patients
with AHB indicates that variants would appear to favour the evolution of
increased virulence owing to the increased immunological burden they present to
the host.
Consistent with the core region being a major target for immune
responses, the core region demonstrated a ten times greater genetic diversity
than the polymerase/surface region. Perhaps the overlapping nature of the
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polymerase/surface region further adds to the relative paucity of establishing
variant populations with mutation here owing to the deleterious effects that such
mutation would render on viral structure and function including replication.
Compared with the core region, polymerase/surface variants arose at an earlier
stage of infection suggesting that immune responses to the polymerase/surface
region are initiated prior to anti-HBc responses. Supporting this hypothesis is the
finding in Patient 1, who was HLA-A2, that during the incubation phase of
infection, CD8+ cell response specific to polymerase residues 562-570 occurred
prior to core 18-27-specific CD8+ cell response (215).
Contrary to findings by Bertoletti et al (17) and Rehermann at a! (179), we
find evidence that mutations do affect B - o r T - cell epitopes during the course of
self-limiting acute hepatitis B. Perhaps the early recognition of patients in Group
1 enabled us to identify mutations arising at an early stage of acute hepatitis prior
to icteric illness at which time viral elimination became associated with a loss of
detectable variants.
Nonsynonymous

mutations,

identified

in

isolated

clones,

included

missense mutations in all T and B cell (including anti-HBe) epitopes of the core
gene, plus in the highly conserved region of the polymerase gene, and in CTL
epitopes and B cell a determinant of HBsAg. Furthermore, extensive deletions
are found in all these regions of the genome encompassing both T and B cell
epitopes. A nonsense (chain terminating) mutation was identified in the core
gene leading to truncation of formation of HBcAg and HBeAg. Additionally, in one
clone there was loss of the initiation codon for the polymerase gene.
Importantly, we found that, unlike the patient who progressed to CHB,
mutation within core 18-27 CD8+ epitope of HLA-A2 patients was associated with
a detectable CD8+ CTL response to this epitope and subsequent resolution of
AHB.
Although mutation may be associated with virulence, our data suggests
that in general the induction of chronic liver disease is not due to specific
mutations in the core, surface or overlapping polymerase gene. However, in one
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patient who progressed to CHB, although not HLA-typed, mutations were
identified during the incubation phase, within CTL epitopes of the polymerase
and surface region suggesting a potential opportunity for immune escape and
viral persistence. For patients with CHB, the relative paucity of viral escape
mutants is evidence that the immune response is too weak to select for variants
and that viral persistence relates to this weak immune response.
However, in acute hepatitis B, survival of variants does not actually occur
since ultimately HBV is cleared from the circulation and CHB does not develop.
These variants would appear to be no fitter than the wild type in that none take
over as the dominant species and are ultimately removed by host responses at
the same time or before wild type. A caveat to this is the possibility that in the
patients who progress to chronicity, other mutations arising in regions of the
genome not examined in this study, e.g. pre-S1, pre-S2, may play a role in
immune escape. However, in view of the observed prevalence of mutations being
higher in patients with AHB and the relative paucity of viral escape mutants
patients with progressing to CHB, our data suggests that mutations probably do
not play an important role in the development of CHB. For patients with CHB, the
relative paucity of viral escape mutants is evidence that the immune response in
most chronically infected patients is too weak to select for variants and that viral
persistence relates to this weak immune response.
It is possible that due to CTL response to HBV being strong, polyclonal,
and multispecific, i.e., targeted against multiple epitopes in the viral nucleocapsid
(16, 18, 143, 169), envelope (153) and polymerase (18, 143, 153, 169, 177), any
mutations arising within immune dominant epitopes fail to result in viral immune
escape due to antiviral effects of the immune response to other epitopes.
An alternative theory that we suggest for the derivation of mutations is that
they do

not merely

represent random

mutation

involving

epitopes and

subsequent immune escape but may in part be due to immune mediated damage
to the HBV genome that results in adverse effects to viral protein structure and/or
replication. For example, mutations involving the P gene may be crucial in
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abrogating production of the polymerase enzyme that is required for the earliest
steps in the viral life cycle, thereby limiting viral replicative function.

Final Summary
Our research has, in general, disproved our initial hypothesis that viral
persistence

relates

to the

emergence

of immune-escape variants.

Viral

persistence appears to be due to a lack of an appropriate immune response. Our
investigations indicate that a vigorous immune response initiated during the
incubation phase of primary HBV infection dramatically inhibits viral replication
and emergence of HBV variants appears to be driven by the immune response.
HBV variants emerging during this immune clearance phase may be inherently
more pathogenic or, we suggest, simply result in an increased bystander damage
to hepatocytes as the broadly reactive immune system recognises the increased
protein diversity of HBV variants and is successfully able to clear them.
Major sites for mutation correspond to those areas known to be under
immune pressure including B cell epitopes in the core gene 101-120, and antiHBe e l (residues 76-89) plus especially anti-HBe e2 / e/b epitopes and carboxy
terminal (residues 128 to 145). Mutation within surface B cell epitopes including
the putative a determinant encompassing residues 140-146 (10, 193) / 138-149
(21) (S143L in Patient 1), to which anti-HBs is directed, and 115-129 (145) / 121124 (81) (T123A in Patient 3) did not lead to chronic hepatitis B.
Only HLA-A2 positive patients who resolved their acute HBV infection
developed mutations in CTL epitope 18-27, reflecting the immune pressure to
which this epitope is also associated with during viral clearance. In the surface
region, CTL epitopes with mutation included 172-180 and 185-194 in Patients 1
and 6 who cleared HBsAg, whilst mutation in CTL epitopes 97-106 and 185-194
occurred in Patient 10 (not HLA typed) who failed to clear HBsAg. Whether
mutation in different CTL epitopes can influence a different outcome in HBV
progression is unclear.

205

Patients who progressed to chronic hepatitis B generally did not bear
mutations that could differentiate them from those who resolved their acute
infection. However, mutations were found within CD 4+ epitopes of both core and
polymerase including Patient 8 (a young lady of Group 2 who was not
immunosuppressed) who acquired core variants with mutation within all three
major CD 4+ epitopes 1-20 (P5H), 50-69 (L55F), and 117-131 (A131G) (72) and
Patient 10 (not HLA-typed) who acquired polymerase mutation within the CD 4 +
plus CD8+ HLA-A2 restrictive epitope 442-450 (A448G) (177) during the
incubation phase of primary infection and subsequently evolved to chronic
hepatitis B. Although it is difficult to establish the significance of these findings in
isolated clones, we can speculate that mutation within CD 4 + epitopes of the
core and polymerase encoding genes may be of significance in the evolution of
primary HBV infection to chronicity perhaps by abrogating immune responses
involved in controlling viral replication.
Extensive in-frame deletions were found in the core, surface and
overlapping polymerase regions. Defective viruses always co-existed with wt
containing the full-length gene. Contrary to studies of patients with chronic
hepatitis B (129), we did not find that defective viruses were associated with
significantly lower levels of viraemia and significantly more necroinflammatory
activity in the liver (as indicated by elevation of serum aminotransferases) and
longstanding infection was not a prerequisite for their derivation. Thus, Cdefective viruses were found both in a patient who resolved their HBV infection
(deletions in Patient 5 between residues 22 to 91, 25 to 123, and 56 to 123) and
in two patients who progressed to chronicity (the index case Patient 9 between
residues 66 to 85 and Patient 10, during incubation phase, between residues 102
and 110). These deletions resulted in loss of B cell, CD4+ and in Patient 5, who
was HLA-A2 positive, 22del91 and 25del123 also encompassed the HLA-A2
restricted CTL epitope 18-27. As Patient 5 cleared HBsAg from serum, Cdefective mutants including loss of CTL 18-27 epitope do not appear to confer a
survival advantage.
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Identical deletions in the polymerase and overlapping surface gene were
found in two clones derived from Patient 6 (HLA -A11) who resolved their HBV
infection. Although polymerase and surface immune epitopes are undefined for
HLA -A11, it's interesting that this deletion was short (10 aa) and encompassed
residues 446 to 455 of the polymerase protein which is known to encode for CD
4 + epitope and in HLA-A2 patients the CTL epitope 442-450 (177). This deletion
also encompassed residues 103 to 112 of overlapping HBsAg, which in HLA-A2
patients encodes CTL epitope 97-106 (153). P-defective genomes are known to
replicate by trans-complementation, though the complementation is less efficient
compared to S- or C-defective genomes (163). Thus deletions in the P-gene that
involve CD 4 + and CTL epitope 442-450 may be a mechanism by the immune
response in abrogating viral replication.
During the early clinical phase of acute resolving hepatitis B infection in
Patient 2, sequencing of the core region revealed mutation in the overlapping
polymerase protein including M1V, which leads to loss of the initiation codon
(ATG to GTG) for polymerase protein. This would lead to failure of production of
poymerase protein and perhaps represents another mechanism by which viral
replication is attenuated.
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Future research
To further determine the functional consequences of mutations observed in the
HLA A*0201 restricted core 18-27 epitope we aim to make synthetic peptides
corresponding to the mutant epitopes we identified and use them to pulse 12
cells. These cells could be used as targets in a standard CTL killing assay with a
core 18-27 restricted CTL clone.

We can analyse how efficiently each mutant

epitope is recognised by the prototypic anti- core 18-27 CD8 +CTL clone
compared with the wild type sequence. These experiments will help determine
whether mutant epitopes we have identified represent true escape mutants or
whether they are more efficiently recognised by the CTL immune response
leading

to

enhanced

virulence

as

an

immune

bystander phenomenom.

Preliminary data indicates that such mutant epitopes are recognised by the CTL
immune response; however, this recognition is less efficient than that for the wild
type. Thus, these variant forms do indeed appear to exhibit partial immune
escape. It is possible that the derivation of partial immune escape variants drives
a broadly reactive immune response to HBV that ultimately is sufficient in
clearing such variant forms though at the expense of acute hepatocellular injury.
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Date:
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Name:
George Webster
Qualifications: BScMRCP

Status:
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Name:
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Oualifications: MRCP

Status:
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2.

TITLE OF PROJECT (Capital letters)

A S T U D Y O F T H E V IR A L K IN E T IC S O F A C U T E H E P A T IT IS B IN P A T IE N T S
P R E S E N T IN G W I T H P R E -C L IN IC A L IN F E C T IO N

3.

O B J E C T IV E (eg hypothesis which it is intended to test)

We wish to examine hepatitis B D N A concentrations in semm in patients who have recently acquired hepatitis
B virus (HBV). These patients have been identified through a look back, and may not yet have developed an
immunological response to the infection, or hepatitits, and are in the pre-clinical stage of disease. The purpose
of this investigation is

a) To quantify the rate o f viral replication in patients during the incubation period and
pre-clinical stages o f acute hepatitis B infection, prior to the development o f a rise in
semm transaminases and clinical hepatitis

b) To determine the decline in H BV DNA after the initiation o f the antigen- specific
immunological response to hepatitis B vims and to correlate the levels o f H B V D N A
with functional indicators o f the cytotoxic T cell response.
c) To use these data to model the rates o f viral turnover and replication in hepatitis B
vims infection.

4.

D E S IG N O F T H E S T U D Y (describe briefly, including proposed methods fo r
the analysis o f results):

Subjects to be recmited to this study have been identified as part o f a ‘look back’ study o f
people exposed to hepatitis B infection whilst attending an acupuncture centre in North
London. A ll subjects w ill have evidence o f recent hepatitis B infection, with circulating
HBV DNA in the semm, but w ill be studied preferably before they have developed
biochemical or clinical evidence o f hepatitis.
Daily 5 ml semm samples w ill be taken over a 14 day period for assessment o f H B V
DNA
Thrice weekly semm samples w ill be obtained for the next two weeks, twice weekly
samples for the subsequent two weeks, and weekly for the subsequent two weeks. A total
o f 26 samples, totaling 130 ml w ill be taken for this study from each patient.
The same semm samples w ill be tested twice weekly for serum A LT and AST
concentrations.
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5.
S C IE N TIFIC BACKGROUND (Please give a brief review o f the relevant
literature. ( If this investigations has been done previously with human subjects why
repeat it? I f it has not been done previously with human subjects, has the problem been
worked out as fully as possible in animals, in order to refine analytical techniques and to
assess possible toxic effects?)
Hepatitis B is a very important cause o f morbidity and mortality, affecting more than 300
million people worldwide. Infection in the neonatal period rarely results in an acute
hepatitic illness, but 90% o f infants do not clear the virus, and are at high risk o f
developing chronic liver disease, cirrhosis, and hepatocellular carcinoma in later life.
Most adults, however, w ill develop an acute hepatitis, clear the virus, and develop
immunity. O f these, 50% w ill have an ‘ inapparent’ hepatitis, but the rest w ill develop a
clinical illness, with symptoms, which may include jaundice and general fatigue. 2% o f
patients w ill develop a severe hepatitis and hepatic failure, which may require liver
transplantation. Up to 5% o f patients, often those without an acute hepatitic illness, w ill
not clear the virus and develop chronic HBV.
The immunological response in patients with chronic H B V has been quite extensively
studied; cytotoxic T cells appear to have a central role in actively reducing viral
replication. These data have been accumulated in patients with elevated serum A LT and
symptomatic acute hepatitis. At this stage, H B V D NA is frequently already undetectable,
the jaundice being largely attributable to the potent immunological response to the virus.
There is little evidence regarding the inter-relationship and timing between the rate o f
increase in H BV DNA, the development o f raised serum transaminases and hepatitis, and
the cytotoxic T cell response to infection. It is unclear why some patients do not clear the
virus. Studies demonstrating the increase in viral load in the early phase o f H IV infection
have been performed, but this has not been performed in acute HBV. The studies in H IV
have allowed accurate assessment o f the rate o f viral replication in this early stage o f
infection, by the application o f strict mathematical models. We have the unique
opportunity to do a similar study in acute HBV, as we w ill be seeing these patients at an
early stage o f the infection.
H BV DNA w ill be measured using an Amplicor assay, which has a sensitivity o f
between 1000 viral copies/ml, and 1,000,000 copies/ml. Serum ALT w ill also be
measured.
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W ho has verified the scientific validity o f m e rit o f this study? - Review Comm ittee,
Senior expert or colleague, N O T directly involved in or responsible fo r (eg; as Head
of Departm ent) the study.

6.

R A D IO A C T IV E S U B S TA N C E S ( If radio-isotopes are to be used you are

required to register the project with the Radiation Protection Adviser and to obtain
approval o f the Health Ministers through the Department o f Health.)
Are radio-isotopes to be used? NO
I f yes, provide evidence o f approval from the Radiation Protection Adviser and/or
a copy o f authority certificate and any additional comments received from the
Department o f Health.
NO

7.

R A D IO L O G IC A L IN V E S T IG A T IO N S ( If included, please indicate number

and frequency o f exposures, and total calculated dosage.)
NONE
8.

S U B JE C TS : H o w many are needed?

5-8

At entry, all patients w ill be:
HBsAg positive
HBV DNA positive
Normal serum A LT and AST
IgM anti-HBc negative

(b)

A re subjects to be used - under the age o f 16, pregnant women,
psychiatric or elderly patients?

I f yes, describe safeguards.
No
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(c)

A re norm al volunteers involved? ( If hospital staff, Medical School staff

or students, are they included on a register and do they have a Clinical
Trials Procedure Record Card with NOTIFICATION to Medical School?)
No
9.

C O N T R O L S : H o w many are needed?

None

How selected? ( If hospital staff. Medical School staff or students, are they
included on a register and do they have a Clinical Trials Procedure Record Card
with NOTIFICATION to Medical School?)
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10.
SUBSTANCES TO BE G IV E N TO SUBJECTS (Special diets, drugs,
isotopic tracers, etc).
NONE
11.

PROCEDURES OR SAMPLES TO BE TAKEN FROM SUBJECTS

Twenty mis of blood will be taken from each patient each day for 14 days. The sample will be taken into 2
standard serum sample tube.
HBV D N A will be measures subsequently using an Amplicor assay. Liver function tests will be measured
using standard laboratory techniques.

Would the procedure(s) or sampie(s) be taken, especially for this investigation, or
of normal patient care?

as part

Each patient involved in this study is seen on a two weekly basis to follow-up their infection with
hepatitis B, and blood test are done on each of these occasions. Daily blood tests required for this
study are performed only for research purposes, and the patients involved will be fully informed
and consented with respect to this.

12.

DISCOMFORT What discomfort or interference with their usual activities may be suffered in all
or any of the subjects? (List expected side effects of drugs, procedures, etc.) Any statement made
here must also appear in the patient information sheet.
Daily blood sampling may be logistically inconvenient for the patients. Local pain or
discomfort of having blood taken.
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13.

INSURANCE What arrangements have been made to cover the possibility of liability claims arising
from this project?
As simple blood tests are the only intervention, specific arrangements have not been made.

14.
COPY OF HANDOUT EXPLAINING PROJECT IN LAY TERMS TO BE
TO PATIENT OR OTHER PARTICIPANT

GIVEN

Code Number________________

TITLE A STUDY OF T H E V IR A L K IN E T IC S OF AC U TE H E P A T IT IS B IN
PATIENTS PRESENTING W IT H P R E -C L IN IC A L IN F E C T IO N
Please attach copy of handout and consent form (Copy o f handout and consent form to be retained
in patient’s hospital notes).

15.

DATE OF SUBMISSION:.............................................
SIGNATURE OF IN V E S TIG A TO R :..........................................
Please type N A M E and DEPARTMENT in CAPITALS (and/or address with telephone number).
NAME:
DEPARTMENT:

16.

PLEASE REPORT W HEN THE STUDY IS COMPLETED.
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APPENDIX 2
The patient consent and information forms are as follows:
VIRAL HEPATITIS STUDY GROUP
U N IVERSITY DEPARTMENT OF M ED IC IN E
PROFESSOR G M DUSHEIKO FCP(SA) FRCP
Prof Dusheiko/secretary
Direct line
Direct fax
Research nurse

ext 4880

Registrar
bleep 822
0171 830 2993 House officer
bleep 861
0171 431 4581 Research fellows ext 4003
0171 830 2271

Protocol Number;

Study Title: A STUDY OF THE VIRAL KINETICS OF ACUTE HEPATITIS B IN PATIENTS
PRESENTING WITH PRE-CLINICAL INFECTION
Name of Patient:
(Last)

(First)

Patient Hospital Number:

1.

W HY IS THE STUDY BEING DONE?

As you know, you have recently become infected with the hepatitis B virus. We have being seeing you at a
very early stage of hepatitis B infection because we were alerted to the possibility that you may have been
infected. The majority of people with hepatitis B vims infection will develop evidence o f ‘hepatitis’ on their
blood tests. As you are aware, this may result in you feeling unwell with jaundice, and the illness can
occasionally be severe. A few patients, perhaps 5% will not effectively clear the virus.
It is not clear why the infection affects people differently, but the immune response is important. We are seeing
you, we believe, before the immune response has been fully mobilised. We would like to measure the rate of
increase in the hepatitis B vims in your blood before your immune system attacks the vims, around the time
that you develop hepatitis. We would also like to measure the speed with which the vims level decline as you
recover. This information will help us to better understand how your body triggers an immune response to
hepatitis B virus, and to learn why some patients do not effectively eradicate this virus. We can also
mathematically measure, and model the rate at which the hepatitis B vims infects hver cells, and how antiviral
dmgs might need to be ^plied in patients who have chronic liver disease.
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2.

WHAT DOES THE STUDY INVOLVE?

The study involves multiple blood tests. Daily 5-ml (a teaspoon o f blood) samples w ill be
taken over a 14 day period for assessment o f H BV DNA. In the next two weeks, a 5-ml
blood sample w ill be obtained three times a week. For the next two weeks, two weekly
samples w ill be obtained, and then, for the next two weeks, a sample w ill be obtained
once a week. Thus a total o f 26 samples, totaling 130 ml, w ill be taken.

3.

RISKS AND DISCOMFORTS

This will involve significant inconvenience to you, in terms of having the blood test. We will discuss how wc
can make this least disruptive to you, perhaps by having the blood tests taken closer to your home
Blood Drawing: Blood drawing is mildly painful, can cause bruising and, very rarely, fainting, blood clots or
an infection at the site.

4.

ARE THERE A N Y BENEFITS?

We are seeing you on a regular basis to monitor you following your infection with hepatitis B. This present
study will not directly benefit you. However, as we are seeing you so early in the infection, we have a unique
opportunity to find out more about why hepatitis B causes disease. We hope that information we obtain may
help others in the future

5.

ARE M Y DETAILS CONFIDENTIAL?

Although your attendance at our clinic is known to Barnet Health Authority, who are monitoring the outbreak
of hepatitis B, ourselves, and probably your GP, your participation in this study will be kept confidential and
your name will not be made known to anyone other than study personnel. If the results of this study are
published in the medical literature, you will not be identified by name.

VO LU N TA RY PARTICIPATION

The decision to taken part in this study is voluntary and you are under no obligation to take part. If you
refuse for any reason, this will not affect your care, treatment, or follow-up in our clinic.
For the duration of this study, as for the rest of your care, you will be under the care of
Professor Dusheiko/Dr Webster/Dr Whalley, and if you have any problems or questions about the study
now or in the future, please do not hesitate to contact them on 0171 830 2993.
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PATIENT STATEMENT AND SIGNATURE

Protocol Number:
Study Title: A STUDY OF THE VIRAL KINETICS OF ACUTE HEPATITIS B IN PATIENTS
PRESENTING WITH PRE-CLINICAL INFECTION
Professor Dusheiko/Dr Webster/Dr Whalley has provided me with a copy of this patient information and
consent form and has fully explained to me the nature and purpose of the programme. All oral and written
information and discussions about the study are in English or in a language in which I am fluent.

Professor Dusheiko/Dr Webster/Dr Whalley has given me the opportunity to ask any questions concerning
the study. I have had an opportunity to ask questions about the study procedures and their inconveniences.
All of my questions have been answered. It has been explained to me that I will be free to withdraw at any
time, without incurring displeasure and without any disadvantage to my future care.
Having thoroughly read, understood, and had full explanation of the preceding information, my signature
below indicates that I voluntarily consent to participate in this study.

PA TIE N T’S SIGNATURE...............
D A TE...................................
STUDY DOCTOR’S SIGNATURE..
D A TE...................................
PARENT OR LEGAL G UARDIAN
(IF APPROPRIATE)..........................
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A c u te h e p a titis B

o u tb re a k :

P a tie n t I n f o r m a t io n S h e e t

You have been referred to us because of the possibility that you might have acquired acute hepatitis B as a
result of a contaminated injection. The source of this outbreak is being investigated, and persons who have
been infected are being carefully monitored. There are a number of issues that need to be drawn to the
attention of persons who have been infected.
What is hepatitis B?
Hepatitis B is a virus which can cause inflammation of the liver- "hepatitis". The virus can cause a new
infection "acute hepatitis" but can also persist, causing "chronic hepatitis". The outcome of infection
with hepatitis B virus is variable and somewhat unpredictable. The course of the infection depends upon
many factors including age, possibly gender (male or female) (in children) as well as other factors such
as the size of the infecting inoculum, or amount of infecting virus.
How is the virus spread?
Hepatitis B is transmitted by contact with blood and body fluids. Thus the virus can be spread from
person to person by, for example, blood transfusion, injection via blood-contaminated needles, or via
sexual contact The virus can also be spread from mothers to their babies.
Do 1 need to be concerned about my familv or contacts?
Hepatitis B can be transmitted to sexual contacts, and if you agree, we will be asking you about recent
contact in order to examine whether we should offer protection with hepatitis B antibodies (hepatitis B
immunoglobulin and hepatitis B vaccine) to your contacts. The timing o f this is important, for this
prevention to be effective, and that is why we would ask, if you agree, about any possible exposures.
How will you know how the hepatitis B virus is affecting vou?
It is important to point out that the individuals currently being referred tous are likely to be at different
stages of infection. Some may already be recovering from their infection and developing immunity, and
others may be at a very early stage of the hepatitis and have not yet developed any symptoms or
laboratory abnormalities of hepatitis. We will try to determine the stage of the infection by doing blood
tests; these will establish the stage of infection, and the degree of liver damage, or hepatitis.
What form does the illness take?
The usual incubation period of hepatitis B, i.e. the time from the acquisition o f the infection to the first
symptoms is about three months. The most frequent complaints at the end of the incubation period and
the start of the illness are tiredness, fatigue, flu-like symptoms, weakness, loss o f appetite, abdominal
pain, and in some patients a yellow discoloration o f the eyes and skin (jaundice) and dark urine.
What is the likely outcome of your hepatitis?
As noted above, the outcome of infection with hepatitis B is variable. Older studies have suggested that
approximately 50% of adult patients will develop an "inapparent" hepatitis and will clear the virus and
develop immunity. Others, however, may develop jaundice and an acute illness which will require bed
rest for a week or two or sometimes longer, or even hospitalisation if severe. It is believed that
approximately 1 - 5% of patients will develop persistent hepatitis B infection and will not clear the
virus. This outcome is, however, much more frequent in children in whom a correspondingly higher
proportion can develop persistent or chronic hepatitis.
Approximately 2% of individuals with acute hepatitis B can develop very severe hepatitis or even
sufficient liver damage to cause liver failure. Fortunately, this outcome is quite rare. Older patients with
hepatitis B may develop a prolonged illness in which the liver fails to heal over a period of some
months. A small proportion of individuals can develop other complications of hepatitis B including
blood vessel inflammation known as polyarteritis.
How does hepatitis B virus cause illness?
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Most evidence suggests that the liver injury is actually caused not so much by the virus itself, but in
fact, by the body's immune response or defence against the virus. This response develops at some point
after the virus has infected the liver cells, and occurs as the body's immune defences attempt to
eradicate the virus from the liver and other tissues of the body. Thus the hepatitis illness itself appears
to be a very important component of the acute illness and one which actually determines recovery and
immunity. It is important to point out that it could be important to allow "nature to take its course" in
order to clear the virus. Nonetheless, the disadvantage of this happening is the jaundice and illness,
which develops as the immune cells of the body attack the liver cells containing the virus. These cells
are destroyed. If sufficient liver damage occurs during this process, then the functions of the liver will
be temporarily affected, and jaundice will occur. Usually the liver will recover completely, although
this can take a few weeks.
Can you be treated to stop vou becoming ill?
To date there have not been specific treatments for acute hepatitis B. Alpha interferon can be used for
some patients with chronic hepatitis B but previous controlled trials of alpha interferon for acute
hepatitis B have not shown particular benefit. Interferon mainly acts to boost the immune response to
hepatitis B. If this is already occurring by itself, then there would not be a major role for interferon.
Thus alpha interferon would not routinely be prescribed for patients with symptoms of an acute
hepatitis B, who already have evidence on blood tests of active liver injury and viral clearance. There is
no information on the effect of interferon given during the incubation phase of acute hepatitis B, before
the hepatitis has occurred.
We feel that we should point out to you that there are new classes of drugs which inhibit hepatitis B
virus replication. The best studied of these drugs and the drug which appears to have most activity
against hepatitis B virus is a new drug called lamivudine. (Lamivudine is also active against the AIDS
virus; the drug has been licensed for the treatment of H IV). Lamivudine has not yet been licensed for
hepatitis B. More than 3000 patients with chronic hepatitis B have been treated within controlled trials
for chronic hepatitis B; Lamivudine has been shown to suppress levels o f virus and liver injury in
patients with persistent or chronic hepatitis B but has not in fact been used for patients with acute,
symptomatic hepatitis B and has also never been used for patients incubating hepatitis B or in the "pre symptomatic" phase of the infection.
Since the drug prevents replication of the virus it could be argued that its use early in acute infection
could reduce the level of liver damage which occurs.
Would this treatment completely eradicate hepatitis B virus in your case?
The truth is, we do not know the answer. The drug markedly inhibits hepatitis B replication but it is
known that there are intermediate forms in the life cycle of the virus within liver cells which are not
very sensitive to lamivudine, and which may not be easily eradicated after short (6 months or one year)
courses of lamivudine. This fact probably explains why many patients with chronic hepatitis B actually
develop recurrence of their hepatitis B replication when the drug is stopped after this period of
treatment.
As noted above. It is theoretically possible that lamivudine might stop hepatitis B replication in patients
with acute symptomatic hepatitis B, perhaps particularly because the drug is being given very early.
Treatment, if successful, could thereby shorten the symptomatic phase of the illness and ameliorate or
lessen the unpleasant acute illness. However, although this treatment seems possible, and perhaps
sensible, we have no controlled data to indicate whether the illness would be shortened, and whether
lamivudine should therefore be prescribed for patients in the acute phase of hepatitis B. We also do not
have information on whether interferon given at this stage will boost the immunity and add to the effect
o f lamivudine. However, interferon would cause symptoms which are unpleasant, and would not appear
to have a major role in this situation.
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What are the risks and disadvantages of taking lamivudine?
Effective treatment at an early stage, could, in theory, prevent the hepatitis from developing or perhaps
lessen the duration and unpleasant aspect of the illness. However, we feel that we should point out one
concern: Lamivudine, in stopping the multiplication of the hepatitis B virus, and then the hepatitis
illness, might possibly "short circuit" the complete immune response against the virus- the
manifestation of this immune attack is the hepatitis illness. This means that your cellular immune
defences might not have been mobilized. You would not have evidence of active virus replication for
as long as viral replication was inhibited by lamivudine. However, it may be that the replicative
intermediates mentioned above, which have gained entry to the liver cells before lamivudine was
started, and which would survive within the cells, may persist during lamivudine therapy, and would
not be eradicated. In that case, reactivation of hepatitis B could later occur, i.e you could develop a
delayed illness after the drug was stopped.
What, then is our plan for vour therapy?
For the reason above, we believe that we should not institute lamivudine too early, before there are
signs of a hepatitis, and corresponding immunity developing. Rather, we should wait until liver
enzymes in your blood (your serum aminotransferases) start to rise, and then, in discussion with you,
offer you six months of lamivudine treatment. If lamivudine was used quite early in this way, at the
first signs of a hepatitis illness developing, we would also suggest giving you hepatitis B vaccine to
expedite the development of antibodies.
What if I do not want to be treated with lamivudine?
I f you would prefer a "wait and see" approach, and to let the hepatitis take its natural course, we will be
monitoring you and taking care of you, and informing you of your progress.
Could another virus infection be involved?
At this stage we are unsure whether another virus could also have contaminated the samples in some
cases: in particular we will urgently need to determine whether hepatitis C is present in any patients.
We do not think that this is a complicating factor at this point but require more data.
What tests will you require?
We need to take a small amount of blood at regular intervals to monitor you for hepatitis: Both to assess
your progress and also to determine the development of your immune response and the antibodies your
body is making to hepatitis B virus. We will measure viral levels, and, as a research endeavour,
(because the results will not be available for some months), we will try to assess your cellular immune
response to the virus. We will discuss results with you on a regular basis and try to keep you informed
of our reasoning so that you would be in a position to consider lamivudine if you wish.
What are the side effects of lamivudine?
Lamivudine appears to be well tolerated with a good safety profile. The dose needs to be reduced in
patients with kidney disease, and should not be given to pregnant women. Some patients have reported
fatigue, headaches, nausea, muscle aches, indigestion, abdominal pain, light headedness and diarrhoea.
It should be pointed out that resistance to lamivudine has been reported in patients with hepatitis B. It is
possible that if the drug is used alone, resistant forms of hepatitis B could be selected. This
phenomenon is being closely monitored at present. It is not yet known whether the new resistant
mutated virus has a worse effect on the liver. In previous studies, the risk of developing hepatitis B
resistance to lamivudine has been in the region of 15% after one year of treatment.
Mild to moderate, and sometimes severe, flare ups of hepatitis B with an increase in liver enzymes have
been reported in patients treated with lamivudine. This event is somewhat unpredictable. In some
cases these have occurred after the drug has been stopped, and hepatitis B virus replication has recurred.
Do I have to have therapy with lamivudine?
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We point out that you are not in a ‘controlled trial’ of this treatment. We have felt that it would be
appropriate to make persons aware of this new potential therapy. Treatment with lamivudine is
voluntary and you are under no obligation to take the treatment. I f for any reason, you do not want
lamivudine, this will not affect your care or treatment in any way. You are encouraged to contact your
own doctor to discuss this with him or her.
Geoffrey Dusheiko, Professor of Medicine
George Webster, Research Fellow and Registrar
Simon Whalley Research Fellow and Registrar
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