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ABSTRACT

Hepatitis B virus (HBV) causes lifelong liver disease in up to 400 million persons
worldwide. The true extent of HBV exposure is unknown, but could be as high as 2 billion
people. This is mainly due to the existence of occult infection and the inadequate sensitivity
of HBV-specific serological assays. Following our previous findings indicating that the
lymphatic system is a site of hepadnavirus replication, the aims of this study were to determine
virological factors underlying hepadnaviral lymphotropism as it pertains to virus persistence.
Specifically, we focussed on the identification of how virus dose and the potential existence
of variants may induce lymphatic system-restricted infection. We employed the
woodchuck/woodchuck hepatitis virus (WHV) system, which represents the closest
pathogenic model of human HBV infection and hepatitis B.

Our results revealed that a significant portion of circulating lymphoid cells are infected
with WHYV, whether or not infection is serologically evident or occult. This was documented
by applying an in situ PCR combined with flow cytometry technique, established during this
study, that enumerated WHV-infected cells without the necessity of nucleic acid extraction.

We identified that primary occult WHYV infection, that is normally limited to the
lymphatic system, is induced by exposure to low doses (<10’ vge) of wild-type virus and is
unlikely due to infection with or the appearance of viral variants inclined to preferentially
invade lymphoid cells. We also showed that exposure to small amounts of WHV (<10’ vge)
did not induce protective anti-viral immunity in that the infected host remained susceptible to

infection with large WHYV doses.



In a subsequent in vitro study, we documented that WHYV could be serially passaged
in both lymphoid cells and hepatocytes, which does not lead to the emergence of cell type-
specific virus variants. The passaged WHYV maintained its infectivity and pathogenicity when
administered to virus-naive woodchucks. This proved that lymphotropism is a natural
propensity of wild-type WHYV in both in vivo and in vitro conditions.

By analysing animals intrahepatically transfected with recircularized, complete
recombinant WHV DNA, we documented that recombinant WHYV DNA initially establishes
infection in lymphoid cells and, at this location, infectious virus is produced. The infection
of the liver was always secondary.

Since dendritic cells (DC) are known to be a reservoir of virus replication in many
persistent viral infections, we aimed to recognize whether this lymphoid cell subset is also the
site of WHYV persistent replication. We prepared monocytic derived DC from animals with
serologically evident and occult chronic WHYV infections and demonstrated that DC are
indeed one of the cell types where the virus persistently propagates.

The new features of hepadnavirus infection uncovered in this study imply that when
the host is exposed to a low hepadnavirus dose, the lymphatic system is a primary target of
invading virus. Because of the similarities between WHV and HBV, it is reasonable to
assume that infection of lymphoid cells also plays a major role in the initiation and long-term

persistence of HBV in humans.
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CHAPTER ONE: INTRODUCTION

The term hepatitis is derived from the Greek words “hepar” (liver) and “itis”
(inflammation). Although hepatitis can be attributed to many factors, the most common cause
is viral. Many hepatitis viruses, designated as A, B, C, D, E, G, and TT, have been identified.
These are able to infect the liver, causing hepatocellular necrosis, inflammatory cell
infiltration, and subsequent hepatocyte regeneration.

The hepatitis B virus (HBV) causes significant morbidity and mortality, despite the
availability of highly effective and safe vaccines. This is mainly due to the fact that established
chronic HBV infection cannot be cured and that vaccination programs have not yet been
implemented in many countries.

The identification of the surface antigen (Australia antigen), the envelope of the
infectious virion, occurred in the 1960's when it was isolated from the serum of an infected
Australian aboriginal man (Blumberg ¢f al., 1967). The ultrastructure of the infectious HBV
virion was demonstrated in 1970 by Dane (Dane et al., 1970) and, therefore, it is frequently
called the Dane particle. It is generally accepted that HBV is essentially non-cytopathic
(Guidotti and Chisari, 2001; Chisari and Ferrari, 1995; Curry and Koziel, 2000). However,
in immunocompromised patients, ¢.g., after re-infection of liver transplant, HBV can directly
destroy infected liver cells (Demetris ¢t al., 1990). The symptoms of HBV infection are

mainly due to the host cytopathic immune responses directed against virus-infected

hepatocytes.



1.1 HEPATITIS B VIRUS
1.1.1 Molecular organization

HBYV is the prototypic virus of the hepadnavirus family. This family is divided into
two genera: Orthohepadnaviridae (mammalian viruses) and Avihepadnaviridae (avian
viruses) (Marion et al., 1980). New viruses are being identified as members of these genera
as more species are investigated. Well defined members of the mammalian subfamily include:
HBYV, woodchuck hepatitis virus (WHYV), and ground squirrel hepatitis virus (GSHV). The
best characterized member of the avian hepadnaviruses is the duck hepatitis B virus (DHBV),
which has been extensively studied to determine hepadnavirus replication strategy and
potential viral receptors (Mason ef al., 1980).

All hepadnaviruses have similar molecular, structural, and antigenic properties.
However, mammalian and avian hepadnaviruses also have some distinct characteristics. For
example, avian hepadnaviruses lack an X gene, they synthesize two (not three) envelope
proteins, and their envelope proteins do not exist as freely circulating filaments. As well,
although chronic liver disease is induced by DHBV, hepatocellular carcinoma (HCC) does not
appear to develop in infected animals (Cova ef al., 1994), unless alpha toxin 1s administered.

The HBV genome is a circular 3.2 kilobase (kb)-long, partially double-stranded DNA,
referred to as relaxed circular DNA (rcDNA). The circular structure of the genome is
maintained by a short cohesive overlap between the 5'-ends of plus and minus DNA strands.
The 5'-end of the DNA minus strand has a covalently linked protein, whereas the plus strand

has a 5'-RNA oligonucleotide primer attached, both of which are essential for viral replication.
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The genome contains four overlapping open reading frames (ORF) encoding the four major
translation products: the virus envelope or surface (S), core (C), polymerase (P) and X
proteins. The three envelope proteins are encoded by the same ORF containing three in-
frame start codons, but they are derived from two different overlapping mRNA species (2.4
and 2.1 kb). These proteins have a common carboxy-terminus and differ at their amino-
termini. They are referred to as: large (preS1), middle (preS2), and major or small (S) surface
proteins (Gerlich ef al., 1992; Lau et al., 1993).

The C ORF encodes the virus nucleocapsid protein, designated as the HBV core
antigen (HBcAg), as well as another protein, which due to post-translational modifications,
displays e antigen specificity (HBeAg) from the 3.5 kb pregenomic RNA (see Section 1.1.3).
Although the amino acid sequences of the core and e proteins are nearly identical, except for
an additional ten amino acid sequence encoded by the pre-core region and deletion of 34
residues encoded by the 3'-end of the C region, they induce the immune system to produce
antibodies of distinct specificity (Ou ez al., 1986). The core protein is only found in infected
cells and virions, whereas, HBeAg is detectable in the circulation and in hepatocytes, but does
not exist as a part of the complete virion (Uy ef al., 1986; Salfeld er al., 1989).

Transcription of the P ORF results from the 3.5 kb pregenomic RNA in formation of
amultidomain polypeptide with viral reverse transcriptase (RT), RNase, and DNA polymerase
activities. As well, this protein contains a packaging signal and primes reverse transcription
of the viral pregenome. This protein is essential for hepadnavirus replication (Bavand and

Laub, 1988, Mack ez al., 1988).
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The X protein is synthesized by the smallest ORF and its derived mRNA of 0.7 kb.
This protein has transcriptional trans-activating properties that may play a role in virus
oncogenicity. This may be explained by the effect that the X protein has on cell death due to
its interactions with anti-apoptotic cellular molecules, such as Bcl-X, , thereby increasing cell
survival and growth (Diao ef al., 2001a; Diao et al., 2001b). The transactivating properties
of the X-protein can affect other cellular proteins, including the expression of major

histocompatibility complex (MHC) class I protein (Zhou ef al., 1990).

1.1.2 Ultrastructure

The infectious virion of HBV, or the Dane particle, exists as a 42 nanometer (nm)-
diameter sphere, consisting of a lipoprotein outer envelope made of the three virus surface
proteins and host lipids (Gavilanes ef al., 1982). The envelope surrounds core (nucleocapsid)
which houses the viral genome. Subviral particles carrying HBV surface antigen (HBsAg)
reactivity are composed of envelope proteins and associated lipids and they form spheres (20-
nm diameter) and tubules (up to 230-nm long). These particles are not infectious, as they do
not contain genetic material, but they can occur in the circulation in large quantities, as high
as 50-300 pg/mL, i.e., 10'* particles/mL (Peterson, 1981; Koﬂ"an'd Galambos, 1987; Dienstag
and Purcell, 1997). These subviral HBsAg particles purified from the blood of infected
individuals were used as the source material for preparation of HBV vaccines before the age

of recombinant protein synthesis technology (Hollinger ¢# al., 1986).



1.1.3 Replication strategy

After a putative cell surface receptor(s) and virion interact to enable virus entry to the
cytosol, 1t is presumed that the virus envelope is removed and the nucleocapsid migrates to
the nucleus. There, HBV rcDNA is converted to covalently closed circular DNA (cccDNA)
by host DNA polymerases and ligases. It is widely accepted that this event is the first step
in viral replication and detection of HBV cccDNA is often used as the specific marker to
monitor viral replication activity (Tuttlemaneral., 1986). Four HBV mRNA transcripts (i.e.,
3.5,2.4,2.1, and 0.7 kb) are transcribed from the cccDNA using host RNA polymerase and
are exported from the nucleus. The 3.5 kb RNA is packed into core particles together with
the viral polymerase in the nucleus of the infected cell. This pregenomic RNA is then reverse
transcribed into minus strand DNA, which subsequently serves as a template for virus plus
strand DNA synthesis (Summers and Mason, 1982). Once the plus stand is synthesized, new
HBYV rcDNA is formed. The mature nucleocapsid particles containing rcDNA are then either
packaged into virions, which are exported from the cell, or recycled to the nucleus. Presently,
hepadnaviruses are the only known DNA viruses that use reverse transcription in their

replication cycle.

1.2 EPIDEMIOLOGY OF HBV INFECTION
While several other viruses are capable of inducing hepatitis (¢.g., hepatitis A virus,
hepatitis C virus [HCV], hepatitis D virus, adenovirus, human cytomegalovirus [HCMV],

echoviruses, Epstein-Barr virus [EBV], rubella virus, and varicella zoster virus [VZV]), it is
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well recognized that infection with HBV is one of the greatest worldwide health problems
(Margolis et al., 1991). This is primarily due to the fact that the virus is highly infectious
(~50-times more than human immunodeficiency virus [HIV] and 4-5-times more than HCV)
and frequently induces chronic hepatitis (CH), cirrhosis and HCC. This is taking place in the
face of the availability of highly effective prophylactic vaccines. Recent estimates state that
two billion people have been infected with the virus, with the global number of chronic HBV
carriers (i.e., serum HBsAg-positive individuals) approaching 400 million (World Health
Organization, 2000). Of the people chronically infected, about 25% succumb to untreatable
HCC (Beasley, 1988).

The geographic distribution of HBV infection varies greatly. Highly endemic areas
include Southeast Asia and sub-Saharan Africa where up to 15% of the total population are
chronically infected with HBV (i.e., permanently serum HBsAg-positive), primarily due to
vertical transmission from mother to child (Maynard et al., 1989). In the developed world,
including North America and Western Europe, infection rates are usually below 1%, and virus
transmission occurs largely due to intravenous drug use and sexual contact. However,
occupational exposure is still a concern for those not vaccinated (Gerberding, 1996). It is
estimated that at least 270,000 Canadians are chronically infected with HBV, but the
prevalence of HBV infection varies considerably due to the heterogeneity of our population
(Canadian Consensus on the Management of Viral Hepatitis, 1999). For example, there is an
estimated chronic carrier rate of 6.9% among natives and 7.4% among immigrants from

Southeast Asia and Africa, whereas the rate is considered very low among non-immigrant



Canadians (Canadian Communicable Disease Report, 2001).

1.3 NATURAL PROGRESSION OF HBV INFECTION
1.3.1 Symptomatic, serologically evident disease

Clinical patterns of HBV infection can be classified into five distinct appearances: (1)
asymptomatic ‘subclinical’ infection, (2) acute hepatitis (AH), (3) fulminant hepatitis, (4) CH,
and (5) a serum HBsAg-positive healthy chronic carrier state. It is estimated that up to 70%
of adults infected with HBV develop an asymptomatic infection (Chisari and Ferrari, 1996).
This 1s usually 1dentified by coincidental blood testing, although some of these individuals do
demonstrate mild non-specific manifestations, such as fatigue and flu-like symptoms. The
remaining 30% of the exposed individuals will develop serologically and clinically evident
liver disease and experience flu-like symptoms, jaundice, abdominal pain, fatigue and
anorexia, diagnosed as acute hepatitis B. Approximately 1% of people with acute HBV
infection will develop a very severe form of liver damage, termed fulminant hepatitis (Saracco
et al., 1988; Hoofnagle er al., 1995). This form of liver disease is associated with rapidly
progressing massive hepatocyte necrosis coupled with the development of encephalopathy,
and is usually fatal.

After the acute phase of disease, about 90% of adults spontaneously recover (self-
limited acute hepatitis; SLAH) and enter the convalescent stage with apparent permanent
immunity (Hoofnagle e al., 1987). However, recent studies have demonstrated that

recovery, which is characterized by the disappearance of clinical symptoms, the normalization
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of biochemical indicators of liver function (e.g., alanine aminotransaminase [ALT] and
aspartate aminotransferase [AST]), the clearance of serum HBsAg, and the rise of antibodies
to HBsAg (anti-HBs), does not reflect the complete elimination of the replicating virus (see
Section 1.3.2) (Grob et al., 2000).

Patients with a continued presence of serological markers of active HBV infection
(i.e., positive for HBsAg and antibodies to HBV core antigen [anti-HBc]) and with
biochemical indicators of liver injury (e.g., ALT, AST) for longer than six months are deemed
chronic HBV carriers. Of interest is the fact that the proportion of individuals who become
chronic carriers is predominantly determined by the age of the patient when infected. For
example, greater than 90% of infected neonates become symptomatic chronic carriers, as
compared to 30-60% of children infected before the age of 4 years (Okada er al., 1976).
However, a smaller proportion (5-10%) of individuals infected with HBV as adults progress
to chronicity (Moyer and Mast, 1994). In these chronically infected patients, the pattern of
CH can be variable. According to classical serological and histological diagnostic criteria, it
includes chronic active (aggressive) hepatitis, chronic persistent (mild) hepatitis, and a
HBsAg-positive healthy chronic carrier state without apparent morphological features of liver
injury and with only occasional alterations in the levels ot ALT and AST (Hoofnagle ¢f al.,
1987).

Chronically infected individuals usually have progressive liver inflammation which
often leads to liver cirrhosis, frequently preceding the development of HCC. The risk of

developing HCC is almost 200-times greater in chronic HBV carriers than in uninfected
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individuals (Beasley, 1988). Among factors potentially contributing to the development of
HCC is the integration of HBV DNA into hepatocyte chromosomes, which potentially
disrupts tumor suppressor gene functions or activates cellular genes (¢.g., oncogenes and
growth factors) leading to uncontrolled cell proliferation. Another potential factor is related
to the perpetuating liver cell death and regeneration that increases the chance of mutations
and subsequent tumour development during viral infection. Additionally, the HBV X protein
has transactivating potential, which may play a role in HCC development (Murakami, 1999).

HBV can also induce extrahepatic disorders through the deposition of immune
complexes of viral antigens and their specific antibodies. The pathogenic role of these
immune complexes has been well documented in membraneous and membrane-proliferative
glomerulonephritis, polyarteritis nodosa, and arthritis (Gocke, 1975; Michalak, 1978,
Michalak and Krawczynski, 1981). There has also been reports of lymphoma relating to HBV

infection (Ozaki et al., 1998).

1.3.2 Asymptomatic, occult infection

As mentioned (Section 1.3.1), the majority of individuals exposed to HBV develop
asymptomatic infection and as many as 95% of patients with AH type B self-recover.
However, contrary to previously accepted opinions, recent studies demonstrated that these
individuals carry low levels of HBV for years after apparent complete spontaneous clinical
recovery (Blum ez al., 1991; Michalak ez al., 1994; Pardoe and Michalak, 1995; Rehermann

et al., 1995; Rehermann ef al., 1996b; Conjeevaram and Lok, 2001).



10

Thus, HBV DNA sequences have been found in the serum, and HBV DNA and RNA

in the liver and in lymphoid cells (i.e., peripheral blood mononuclear cells [PBMC]) years
after convalescence from AH type B (Michalak ez al., 1994). HBV DNA was detected even
in the presence of otherwise protective antibodies (anti-HBs) when very sensitive polymerase
chain reaction (PCR)-based assays were employed. Furthermore, the physicochemical
characteristics of particles carrying HBV DNA were identical to that of DNase-resistant,
complete virions. When less sensitive techniques like Southern blot hybridization were used,
T cells, B cells, and monocytes were found to contain HBV replicative intermediates (Calmus
et al. 1994). Continued activation of the host immune system after resolution of hepatitis B
was also postulated since HBV-specific memory T cell responses could be detected in SLAH
years after recovery (Rehermann ef al.,1996a). The maintenance of this anti-viral state may
be required to keep persisting HBV under control (Penna ez al., 1996). This suggests that
the low levels of virus genomes and viral proteins that remain after resolution of infection are
capable of stimulating memory anti-viral T cell responses. In another study, it was shown that
serum anti-HBc antibodies and HBV-specific cytotoxic T lymphocytes (CTL) in circulation
persisted even 23 years after clinical recovery from HBV infection (Rehermann ¢z al., 1996b),
suggesting that the residual HBV persistence may trigger memory cellular responses to viral
antigens as well. The occult HBV persistence is not due to the virus adaptation to the host
through the generation of mutations that would enable the virus to evade immune recognition,
since genomic mutations were not detected even 30 years after resolution of AH type B

(Blackberg ef al., 2001). Furthermore, this study also revealed that the HBV sequence in
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liver samples collected decades after convalescence from AH were identical to that found at
the time of initial infection. Importantly, it has also been shown that the occult persistence
of HBV may not be detected when only serum is tested for HBV DNA presence. Thus, all
(9/9) liver biopsies obtained an average of seven years after resolution of serologically evident
hepatitis B carried HBV cccDNA, whereas only 2 of 9 serum samples showed the presence
of S and X gene sequences (Yuki ef al., 2003). Liver fibrosis and mild liver inflammation
accompanied the persistent low level replication in 8 of the 9 patients studied. Notably, these
findings are compatible with results from earlier studies in the woodchuck model of HBV
infection (Michalak ez al., 1999). Further, when sera from cases of CH of unknown etiology,
as determined by histology, were examined for HBV DNA, 30% of the cases were found to
harbour low levels of HBV DNA (less than 10* copies/mL), suggesting the existence of
occult, serologically undetectable infection. Almost 75% of the samples tested were anti-HBc
positive, confirming a prior exposure to HBV (Chemin ¢ al., 2001). Most recently,
pathological relevance of occult HBV infection was documented by identification of HBV
genome in 63.5% of HCC cases of unknown etiology, suggesting that the virus was a
pathogenic factor in the development of liver cancer (Pollicino ¢f al., 2004).

In contrast to occult HBV persistence continuing after apparent complete resolution
of hepatitis, a potential existence of primary asymptomatic occult hepadnavirus infection is
not yet recognized (see Section 4.1). It is known that 90% of children born to mothers with
chronic symptomatic HBV infection become chronic carriers of the virus. However, the

passage of occult HBV from mothers convalescent from AH type B to their children has not
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been investigated. In the woodchuck experimental model of HBV infection, it has been
shown that WHV can be passed from recovered mother to offspring as primary occult
infection (POI), and that such acquired virus persists indefinitely and can be infectious to a
healthy virus-naive animal (Coffin and Michalak, 1999). In terms of the parallel human
situation, the ramifications of persistent carriage of low levels of hepadnaviral genomes,
especially in cases where eradication of the virus is assumed, are currently unknown, although
they could be epidemiologically (transfer of virus through blood transfusion and organ
donation) and pathogenically (e.g., cryptic liver disease) important. Also, a possibility of
induction of POI by very low virus doses, as observed in the woodchuck model of hepatitis
B (see Section 1.5 and Section 4.1), and consequences of this form of silent HBV carriage
have not yet been investigated in humans. However, the infection of the lymphatic system and
the long-term HBV-specific T cell immune activity suggests that the establishment and
maintenance of hepadnaviral persistence resisting immune elimination. Inthe human situation,
the transplantation of liver from serologically HBV DNA negative, anti-HBc-positive
individuals to virus-naive recipients led to re-infection of the recipient (Chazouilleres ef al.,
1994 Lowell ef al., 1995; Hu et al., 2002). The fact that HBV infection of the recipient

occurred points to the infectious competency of minute levels of persisting hepadnavirus.

1.4 IMMUNOPATHOGENESIS OF HEPADNAVIRAL INFECTION
The primary function of the immune system is the recognition and elimination of

foreign molecules, including viral pathogens. The immune system of higher vertebrates
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consists of natural (innate) and adaptive (specific) immunity. Upon initial viral entry to the
host, it encounters the innate cellular immune system that, among others, includes monocytes,
macrophages, natural killer (NK) cells, NKT cells and polymorphonuclear leukocytes. These
cells recognize pathogenic molecules of foreign origin, causing the activation of cellular
processes including phagocytosis, induction and synthesis of antimicrobial agents (e.g., nitric
oxide, lysosomes), and cytokines (e.g., interferons [IFN] and tumor necrosis factor alpha
[TNFa]). If this primary line of defense does not neutralize and eliminate the virus, the
adaptive (specific) immune responses become activated. These responses exhibit the
classically defined properties of immunological memory and antigen specificity. Intheory, the
adaptive immune responses can be divided into humoral (antibody-mediated) and cellular
arms. Pathogen-specific cellular immunity is mediated by two main groups of effector cells:
cluster of differentiation marker (CD)4+ T helper (Th) cells, which provide help to B
lymphocytes and to other immune effector cells, and CD8+ CTL, whose main function is to
identify infected host cells through recognition of viral peptides presented by class | MHC.
During infections with noncytopathic viruses, such as HBV, any overt clinical symptoms are
generally a result of the host’s immune responses against virus-infected cells, causing their

death and elimination (reviewed in Guidotti and Chisari, 1996).

1.4.1 Innate immunity
In general, the innate immune system, especially in the cases of viral infections, is

controlled by NK and NKT cells, as well as monocytes and macrophages (Janeway and
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Medzhitov, 2002). These types of cells perform their actions by the secretion of antiviral
cytokines and through cytolytic activity (Bendelac ef al., 1997; See et al., 1997).

The peak of NK cell cytotoxic activity and proliferation normally occurs shortly after
viral infection and is an important element of natural resistence to many viruses (Welsh ez al.,
1979; Biron, 1997, Biron and Brossay, 2001). NK cells lyse infected targets in a non-MHC
restricted pattern. NK cells are lymphoid-derived leukocytes that are able to lyse infected
cells and secrete numerous effector cytokines after detection of reduced or aberrant
expression of MHC class I molecules on a cell surface. Engagement of NK receptors with
self-MHC prevents killing of the target cells by inhibitory signals. The three NK inhibitory
receptor families are: (a) the CD94-NKG2 family (common to humans and rodents), (b) the
Ly49 family (only in rodents), and (c) the KIR family (killer inhibitory receptor, occurring
only in humans) (Lanier, 2003). Virus-infected cells with decreased surface expression of
MHC class I are, theoretically, susceptible to NK-mediated lysis, predominately through
perforin-dependent cytotoxicity (Kagi ef al., 1994; Sayers ¢t al., 1998). In the case of
different viral pathogens, it has been shown that the ability of the host to mount a strong
cytotoxic NK cell response very early in infection plays a decisive role in controlling virus
spread and limiting progression of the disease (Biron, 1997). It is also demonstrated that
I[FN-gamma (IFNY), secreted by activated NK cells, may dramatically enhance defence
against certain virus infections, for example during murine cytomegalovirus (MCMYV)
infection (Dokunetal., 2001; Nguyen et al., 2002). The NKT cell expresses markers of both

T and NK cells. This cell type has a limited Va/V T cell receptor (TCR) usage, and
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contains one of the defined NK cell markers (e.g., CD16 and Ly49). The activated NKT cell
can produce high levels of cytokines, including interleukin (IL)-4 and IFNy. The IFNYy
production suggests that these cells have the potential to control viral infections, if they
become activated. In addition to cytokine production, NKT cells also exhibit both Fas- and
perforin-dependent cytolytic activity. Both human and mouse NKT cells recognize non-
classical MHC class I-like molecules (i.e., CD1d) if associated with 32-microglobulin (32-m)
on professional antigen presenting cells (APC) via their TCR (Burdin and Kronenberg, 1999).
It is of interest to note that NKT cells represent up to 50% of the mature T cells in the rodent
liver (Watanabe et al., 1995). However, the frequency of NKT cells in the human liver is
much lower (Kenna ez al., 2003).

Currently, the role of NK and NKT cells in hepadnavirus infection is not well
recognized. The murine liver is naturally abundant in NKT cells, where they may account for
up to 30% of total intrahepatic lymphocytes (Bendelac et al., 1999, Doherty ez al., 1999), and
these cells can activate NK cells through cytokine secretion to control tumor growth and the
spread of intracellular pathogens (Cui ez al., 1997; Bendelac ef al., 1999; Doherty et al.,
1999). 1t has been reported that AH type B is associated with enhanced NK cell cytotoxicity
and that HBsAg can inhibit the NK cell-mediated cytotoxicity in vitro (de Martino ef al.,
1985), but further studies are required to fully understand the importance of the NK cell-
mediated response. There has been evidence that NKT and NK cells control hepadnavirus
replication in HBV transgenic mice via IFNo/[3 and IFNYy release (Guidotti ¢/ al., 1999;

Cavanaugh ez al., 1998). As well, chimpanzee models of HBV infection support the idea that
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T cell-independent induction of hepatic cytokines, specifically IFNot/[3, IFNY, and TNFc can
lead to a non-cytopathic inhibition of HBV replication (Kakimi ez al., 2000; Guidotti et al.,
1999). However, the precise role of these responses in natural hepadnaviral infections
remains to be determined.

Dendritic cells (DC) play an important role in both innate and adaptive immunity. Not
only are DC the only APC capable of inducing primary CTL and Th cellular responses in vivo
(Bancherau and Steinman, 1998), they are able to interact with antigens through cell surface
toll-like receptors. This interaction allows the DC to secrete IL-12, which in turn, stimulates
NK and NKT cells to produce cytokines, including IL-4 and IFNYy, as discussed above
(Bendelac et al., 1997, See et al., 1997). The release of these cytokines therefore link the
innate and adaptive immune responses, since the recruitment and/or activation ot specific B

and T cells 1s enhanced in this milieu.

1.4.2 Humoral immunity

Specific humoral immunity is mediated by antibodies produced by plasma cells derived
from antigen-specific B cells. Antibodies are essential in the early neutralization against viral
infections since they help, among other things, reduce the amount of freely circulating virus
by preventing viral attachment and entry into host cells. They may also act as opsonins to
enhance phagocytosis. Virus specific antibodies can also be involved in the elimination of
infected cells that express viral antigens on their surface through complement-dependent

cytotoxicity and antibody-dependent cellular cytotoxicity. Re-infection upon subsequent



¥
exposures with the same virus is usually prevented by the persistence of B cells productively
secreting antibodies specific for the viral envelope. Stimulation of specific memory B cells
which persist after the initial infection results in a rapid secondary immune response and
production of large amounts of specific antibodies with increased affinity for the particular
viral antigen (Abbas et al., 2000).

The antibody response to HBV envelope glycoproteins (i.e., anti-HBs) is thought to
be important in HBV neutralization and clearance. The loss of serum HBsAg and the
subsequent seroconversion to anti-HBs is the classical marker of resolution of disease in
patients with acute HBV infection, however in individuals with CH type B, anti-HBs is not
detected, unless specific assays that detect traces of antibodies complexed to viral antigens
are used (Maruyamaet al., 1993). Neutralizing antibodies in HBV infection have been shown
to be important since the successful use of HBsAg-based HBV vaccine (Beasley ¢z al., 1988).
Unfortunately, the antibody response to the envelope proteins could also be a potential
contributor to liver injury. It has been reported that immune complex deposits containing
HBsAg, immunoglobulin (Ig) and complement were detected in infected hepatic tissue from
various stages of hepatitis B (Nowoslawski ef al., 1972). Therefore, the humoral response
to HBsAg remains operational in chronic infection, although it may cause pathological effects
through deposition of immune complexes. In fact, it has been shown that about 10-20% of
patients with HBV infection have extra-hepatic immunocomplex-associated disorders,
including glomerulonephritis (Combes et al., 1971; Nowoslawski et al., 1975; Slusarczyk et

al., 1980), polyarteritis nodosa (Gocke et al., 1970; Michalak, 1978), and arthritis (Csepregi
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et al., 2000).

The biological roles of the antibody responses to HBcAg and HBeAg are less clear.
Anti-HBc and antibodies to HBeAg (anti-HBe) are not neutralizing antibodies, as they co-
exist with the virus during both acute and chronic stages of hepatitis B. However,
seroconversion to anti-HBe positive state has been associated with less severe hepatitis
(Schmilovitz-Weiss et al., 1993). Additionally, it has been suggested that the decline of virus
titer, which is usually observed after seroconversion from HBeAg to anti-HBe, might be the
result of the elimination of infected cells via an antibody recognition of membrane bound HBe
protein (Schlicht e al,, 1991). The humoral response against HBeAg and HBcAg may also
promote undesirable effects because the extrahepatic deposition of these immunocomplexes
have been observed in glomerulonephritis (Slusarczyk et al., 1980; Ohba et al., 1997). The
occurrence of anti-HBc antibodies in chronically infected patients might be because HBcAg
can elicit a T cell-independent antibody response. This is in contrast to HBeAg which is
exclusively a T cell-dependent antigen (Milich and McLachlan, 1986). Other studies have
suggested that complement dependent cytotoxicity directed to hepatocytes expressing
HBcAg, HBsAg or asialoglycoprotein receptor (ASGPR) may also contribute to the injury
of HBV-infected hepatocytes, particularly in patients with severe CH (Michalak er al., 1995).

The antibody response to the HBV P and X proteins are not monitored in clinical
situations, although they have been detected (Weimer ez al., 1990). It has been reported that
antibody to carboxy terminus of virus polymerase may be an early marker ot infection and

reflects active HBV replication. Antibodiesto HBxAg have been reported to show qualitative
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and quantitative heterogeneity (Stemler ez al,, 1990). They have been found at the highest
levels and most frequently in patients with CH and usually at lower levels in acutely infected

patients and asymptomatic carriers of HBV (Stemler ez al., 1990).

1.4.3 Cell-mediated immunity

The activation of CD4+ cells requires recognition by the polymorphic TCR of
exogenous viral peptides presented by MHC class I molecules. These molecules are located
on the surface of professional APC, which include DC, macrophages, and activated B
lymphocytes. The 18-22 amino acid-long antigenic peptides presented by MHC class 11 are
usually derived from extracellular antigens that are proteolytically processed in acidified
endosomes or lysosomes after endocytosis by the APC (Abbas ef al., 2000).

There are two distinct subsets of CD4+ cells, each associated with a ditfferent arm of
the immune system. The T-helper type 1 (Thl) subset, which produce cytokines such as IL-2
and IFNYy, are known to be involved in cell-mediated functions, such as clonal proliferation
of CTL. In contrast, T-helper type 2 (Th2) cells, which secrete IL-4, IL-5 and IL-10, are
involved in the maturation and differentiation of B cells (Mosmann and Sad, 1996). From a
murine model of leishmaniasis and other infection model systems, it has been proven that Thl
responses are particularly effective against intracellular pathogens, whereas protection against
extracellular microbes require Th2 activity (reviewed by Paul and Seder, 1994). It is
important to note that because viral encoded proteins are synthesized intracellularly they are

mainly processed by the class | MHC presentation pathway. Therefore, the principle
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mechanism of specific immunity against established non-cytopathic viral infections is a virus-
specific MHC class I-restricted, CD8+ CTL-mediated response (Abbas ez al., 2000).

Once activated, CTL can kill a targeted cell by two contact mediated processes.
These cytotoxic pathways operate via Fas (CD95)/Fas ligand (FasL) interaction or by
perforin-granzyme release. In the Fas/FasL pathway, ligation and trimerization of Fas
receptors on target cells by effector cells expressing FasL causes apoptosis of the infected cell
(Shresta et al., 1998). In the perforin-dependent pathway, CTL secrete perforin, a pore
forming protein, that acts on the target cell membrane providing access for granzymes, which
intertere with specific substrates involved in the ultimate death of the cell and/or they are
transported to the nucleus where they may activate death substrates (Ando et a/., 1993). In
addition, activated CTL secrete antiviral cytokines (such as TNFa and IFNYy) which can
directly kill the target cell (Kagi and Hengartner, 1996, Kagi e al., 1996).

In terms of the T cell responses to hepadnavirus, it is generally acknowledged that
virus-specific CTL responses are responsible for hepatocellular damage that typically
accompanies hepatitis (Chisari, 2000). As virally infected hepatocytes are recognized by the
CTL effectors, the vigorous anti-viral immune response mounted against the infected organ
i1s the causative factor of liver damage in HBV infection. Due to the restricted host range of
HBYV and the lack of cell cultures that efficiently support viral replication, studies on T cell
involvement in the immunopathogenesis of HBV-induced hepatocellular injury have focused
on the /n vitro analysis of CTL and Th cells derived from patients with clinically evident

hepatitis. In general, the HBV-specific T cell specific response is vigorous, polyclonal, and
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multispecific in patients with AH, but weak and epitope-restricted in patients with chronic
infection (reviewed by Chisari, 2000). Recently developed techniques involving the use of
a fluorochrome-labeled peptide-MHC class I tetrameric complex that directly binds to the
TCR of peptide-specific CTL (Ogg and McMichael, 1998) have found that the frequency of
virus-specific CTL in HBV infection is 30 to 45-fold greater than that estimated by
conventional limiting dilution analysis (Maini et al., 1999). As well, besides the cytolytic acts
CD8+ T cells perform, they also secrete anti-viral cytokines that may directly inhibit viral
replication without cellular damage (Chisari, 2000).

The CD4+ T cells may contribute to long term control of trace levels of HBV
replication persisting after recovery from hepatitis, as demonstrated by the detection of
HBcAg-specific proliferative T-cell responses years after resolution of AH (Rehermanneral.,
1995; Penna et al., 1996, Rehermann ez al., 1996b). As mentioned above (see Section 1.3.2),
identification of HBV DNA by sensitive PCR/Southern blot hybridization assays in the sera
and in PBMC many years after recovery from AH suggests that the HBV-specific CD4+ T-
cell response is maintained indefinitely by minute amounts of persistently replicating virus
(Michalak ez al., 1994; Penna et al., 1996; Rehermann e/ al., 1996b). The same could be true
with respect to continued maintenance of a strong anti-HBc antibody response that is

normally detectable throughout life after recovery from hepatitis B (see Section 1.3.2).
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1.5 THE WOODCHUCK MODEL OF HEPATITIS B

1.5.1 Woodchuck hepatitis virus (WHY)

WHYV was discovered in a colony of eastern North American woodchucks in the
Philadelphia Zoological Garden, where a high rate of CH and HCC was observed (Summers
et al., 1978). The WHV model is currently widely accepted as the most natural and suitable
model for the study of HBV, since the viruses share a similar genomic organization,
ultrastructure, antigenic cross-reactivity, range of targeted organs, and they induce
comparable course of infection and pathological features of hepatitis, including development
of HCC (reviewed in Michalak, 1998).

The virion of WHYV has a diameter of 45 nm. The 3.3 kb WHYV genome (Figure 1.1)
is slightly longer than HBV DNA and shares overall about 70% nucleotide sequence
homology to the human virus. The WHYV envelope proteins demonstrate antigenic cross-
reactivity with those of HBV, to the extent that commercial assays for HBsAg and anti-HBs
have been used to identify corresponding WHYV antigens. As well, core antigens of both
viruses have common antigenic determinants (reviewed in Marion ef al., 1991). Currently,
the outbred nature of the animals and the lack of reagents recognizing markers specific for
individual woodchuck lymphoid cell types are the major constraints in the use of this animal
system. However, the woodchuck model of hepatitis B is more accessible and substantially
less expensive than chimpanzees.

One of the major differences between the HBV and WHY lies in the oncogenic

potential of WHV. HCC develops in almost all animals with serum WHYV surface antigen
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(WHsAg)-positive CH within 18 to 36 months after infection with the virus (Popper ez al.,
1981; Korbaetal., 1989). It is believed that the activation of cellular oncogenes, particularly
c-myc and N-myc, through the integration of viral promoter sequences near these genes or
through rearrangements of these genes, is responsible for the higher rates of HCC in
woodchucks. In contrast, HBV integrates in a random fashion into the human hepatocyte
genome. Also, hepatitis B progression tends to be more frequently associated with the

development of liver cirrhosis, while this outcome is not observed in woodchucks infected

with WHV.

1.5.2 Characteristics of WHY infection
1.5.2.1 Symptomatic serologically evident hepatitis

The transmission of WHYV through blood and body fluids, as well as from mother to
offspring, parallels that of HBV. Similar to infection with HBV, woodchucks persistently
infected with WHV develop chronic liver inflammation with different degrees of
hepatocellular injury and lymphomononuclear cell infiltrations (Michalak, 1998). Asin HBV
infection, most infected neonates or those born to mothers with serum WHsAg-positive
chronic infection develop serologically evident CH that almost invariably progresses to HCC.
The fact that animal age, virus strain, and its dose may influence the rate of chronicity in
experimental WHYV infection has been documented (Cote ¢f al., 2000a). In adult animals,
WHYV infection usually leads to SLAH and clearance of virus serological markers (Korba e/

al., 1989), but molecular indicators of residual WHYV infection remain (Michalak ¢/ al., 1999).
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Approximately 10-15% of animals infected with WHYV progress to serum WHsAg-positive
CH. This rate of progression to CH is similar to that in adults infected with HBV (5-10%).
However, suppression of the immune response by cyclosporin A in experimentally infected
adult woodchucks dramatically increases the rate of CH outcome, depending on the age of
the animal at the time of drug administration (Cote ef al., 1992). This suggests that the
maturity of the immune system is critical in the pathogenesis of hepadnaviral infection and its
persistence. Furthermore, the existence of autoantibodies against ASGPR has been associated
with the development of CH in the woodchuck-WHYV model (Diao and Michalak, 1997; Diao
et al., 2003).

Hepadnavirus clearance without massive immune-mediated destruction of infected
hepatocytes occurs in WHYV infection. In one study, hepatocytes were labeled during the
peak of acute infection, when nearly all liver cells are infected (Kajino ez al., 1994). After
elimination of WHYV from the liver, many labeled hepatocytes were still present, suggesting
that non-cytopathic viral clearance occurs in woodchucks infected with WHV. More
recently, studies investigating the role of anti-viral cytokines (i.e., IFNy and TNFa) as
determinants of progression of AH to SLAH or CH have suggested that the host hepatic
cytokine milieu during early AH is important in determining the outcome of hepatitis in both
neonatally acquired and adult infection (Cote ef al., 2000b; Hodgson and Michalak, 2001).
Elevated hepatic [FNY, TNFa, and CD3 expression, coupled with a lower hepatic viral load
and increase in liver inflammation preceded recovery from AH, while a reverse status of these

parameters was associated with progression of AH to CH (Hodgson and Michalak, 2001).
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The establishment of assays measuring the proliferative T-cell response in woodchucks
has further demonstrated that WHV-specific CD4+ T cells may play an important role in
preventing development of chronic infection. The antiviral effect of CD4+ T cells appears to
be primarily through their ability to help initiate and sustain the virus-specific CTL response,
possibly mediated by the secretion of proliferative cytokines (e.g., IL-2) and antiviral
cytokines (e.g., IFNY), as in HBV infection (Penna ef al.,, 1997). Similar to HBcAg, WHV
core antigen (WHcAg) and some of its synthetic peptides effectively stimulate proliferation
of T cells derived from acutely infected woodchucks, but not those obtained from animals
with CH (Menne ef al., 1997).

It has been documented that chronic WHYV infection, but not acute WHYV hepatitis,
1s associated with the incorporation of large quantities of virus envelope proteins in
hepatocyte plasma membranes (Michalak and Churchill, 1988; Michalak and Lin, 1994). It
was suggested that this fact, together with the abundant amounts of these proteins normally
occurring in the circulation in chronic infection might constitute an immunological barrier at
the hepatocyte surface preventing efficient immune elimination of WHV-infected cells.
WHcAg and WHYV e antigen (WHeAg) were also found to be associated with the outer
membranes of infected hepatocytes (Michalak and Churchill, 1988; Michalak ¢7 al., 1990;
Michalak and Lin, 1994). Interestingly, while antibodies to WHYV core antigen (anti-WHCc)
were readily detectable on hepatocyte plasma membranes, antibodies to WHYV e antigen (anti-
WHe) could only be detected on membranes from animals that had recovered from AH

(Michalak er al., 1990). This may suggest that, similar to HBV infection in humans, a
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humoral response against e antigen may contribute to the resolution of acute WHYV infection,
presumably by the elimination of infected hepatocytes through antibody-mediated cytolysis,
as was suggested for chimpanzees vaccinated with HBeAg (Schlicht er al., 1991). As
discﬁssed later (Section 1.6.5), the decreased cell surface expression of MHC class I on
hepatocytes in chronic WHYV hepatitis may potentially impact the effectiveness of CD8+ T
cell-mediated antiviral immunity (Michalak et al., 2000).

WHYV infection commonly triggers the production ofboth organ non-specific and liver
specific ASGPR autoantibodies (Dzwonkowski and Michalak, 1990; Diao and Michalak,
1997). Antibodies against ASGPR (anti-ASGPR), in particular, could be capable of inducing
hepatocyte cytolysis in the presence of complement (Michalak ez al., 1995, B; Diao ¢t al.,
1998). Recently, it has been shown that hepatocytes in chronic WHYV hepatitis could be
prone to anti-ASGPR-mediated cytopathic effects due to the deposition of ASGPR-anti-
ASGPR immune complexes on their plasma membranes (Diao et al., 2003). This
autoreactivity may contribute to the pathogenesis and prolonged recovery from liver injury

in viral hepatitis (Diao and Michalak, 1996; Diao et al., 1998; Diao et al., 2003).

1.5.2.2 Primary occult WHY infection

In the woodchuck model, it has been shown that maternal transmission of WHV to
offspring occurs not only when the mother has serologically evident chronic WHYV infection,
but also when it is convalescent from AH (Coffin and Michalak, 1999). All oftspring from

these recovered dams carried very low levels of WHV genomes and WHV mRNA in the
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lymphatic system, but the liver was infected in only about half of the offspring studied.
Interestingly, no serological markers of infection, such as WHsAg, anti-WHc or antibodies
against WHYV surface antigen (anti-WHs) were detected in the offspring. WHYV cccDNA was
detectable in the lymphatic organs and in WHYV DNA-positive livers. Inaddition, WHV DNA
reactive particles occurring in serum of these offspring displayed features of enveloped
complete virions. Thus, they migrated with comparable velocity and had the buoyant density
of intact WHYV virions. The significance of this form of silent infection is most obvious in the
observation that the inocula prepared from serum and lymphoid cells of these offspring,
irrespective of whether infection was lymphatic system-restricted or engaged the liver, was
able to induce WHYV infection in naive animals. Moreover, these offspring were not protected
from infection when challenged with a large dose of WHV (i.e., 1.1 x 10" virus genome
equivalents [vge]) (Coftin and Michalak, 1999).

The consequences of infection in infants born to mothers with resolved HBV have
never been studied. However, the similarities of WHV to HBV suggest that the persistence
of small amounts of the virus, especially in the extrahepatic reservoir, could have a significant
impact, in terms of transmission of infection, as well as induction of disorders which are not
yet considered to be related to persistent hepadnavirus infection (Coffin and Michalak, 1999;
Michalak er al., 1999). POI initiated by minute amounts of the virus carried across the
placenta in blood, or by circulating lymphoid cells, may induce this occult infection, similar
to the chronic infection induced in neonates born to mothers with symptomatic CH (Shimizu

etal., 1991). A similar situation is seen in other virus infections. For example, mice infected
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at birth with high levels of lymphocytic choriomeningitis virus (LCMV) become life-long

carriers and fail to develop virus-specific responses (Jamieson ez al., 1991).

1.5.2.3 Silent residual WHY infection

Remnant asymptomatic hepadnavirus infection, i.e., secondary occult infection (SOI),
continuing after resolution of HBV and WHYV hepatitis have been documented in both humans
and woodchucks (Michalak, 2000). The anti-viral immunity established after an encounter
with a dose of either WHV or HBV causing hepatitis does not completely eradicate the virus
and virus genomes and trace virus replication persists in both hepatocytes and cells of the
lymphatic system in the host.

In the woodchuck model, WHV DNA and RNA persistence after recovery from AH
1s lifelong when highly sensitive PCR assays coupled with Southern blot nucleic acid
hybridization (PCR/NAH) of the amplified products are utilized (Michalak ez al., 1999). This
life-long carriage is not restricted to the PBMC and lymphatic organs, but also involves the
liver. Animals that have serologically cleared WHYV often show transient minimal to moderate
inflammatory alterations in the liver up to the end of their lifespan (Michalak ¢z al., 1999), as
has also been reported subsequently for humans with SLAH (Yuki et al., 2003). Moreover,
up to 20% of the recovered animals finally develop HCC (Korba et al., 1989; Michalak et al.,
1999).

In other studies, it was demonstrated that the harboured WHV was capable of

replication, as evidenced by the detection of viral cccDNA in both the liver and cells of the
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lymphatic system (Lew and Michalak, 2001). The SOI is always accompanied by anti-WHc
and frequently by anti-WHs (Michalak ef al., 1999). This may reflect the continuous re-
stimulation of the immune system by a progressing and low-level production of viral proteins.
The silently persisting virus appears to retain its oncogenic potential, with approximately 20%

of animals finally developing HCC (Korba et al., 1989; Michalak et al., 1999; Coffin et al.,

2004).

1.6 GENERAL MECHANISMS OF VIRAL PERSISTENCE

Viruses that persist in a host need to possess two fundamental characteristics. They
must be able to maintain their genome in host cells for a prolonged period of time and be able
to avoid recognition and elimination by the host’s immune response (Oldstone, 1989;
Oldstone, 1998). Viruses have evolved multiple mechanisms to avoid detection by immune
effector cells and antibody immune responses. Most viruses that persist have established a
complex virus-host relationship and may use many mechanisms to avoid the antiviral immune
response and subsequent elimination. In the following sections, the best recognized
mechanisms contributing to virus evasion in general, and likely pertaining to hepadnavirus

persistence, will be briefly summarized.

1.6.1 Latency of viral life cycle

The ability of a virus to establish a lifelong latent infection in the host is one of the

most intellectually challenging aspects of virology. An effective mechanism of evading host
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defences is for a virus to withdraw into a latent state in which the viral DNA is present at a
low copy number, few viral proteins are expressed, and the cellular defences are not
mobilized. At a later time, perhaps when conditions are more conducive to virus replication,
the virus can reenter the lytic, vegetative cycle. Herpesviruses often employ this strategy. A
striking example is the latency involving VZV, a herpesvirus that causes chicken pox, but
commonly sets up a latent infection in the neurons in the dorsal root ganglia (Hyman ef al.,
1983; Croen et al., 1988). When immunity has subsided decades after the initial infection and
acute disease, the virus can re-initiate lytic replication, resulting in new lesions (shingles) in
the body segment innervated by the affected dorsal root ganglion (Hope-Simpson, 1965). This
reactivated virus can even be transmitted to a new host. In general, the mechanisms
underlying establishment and release from latency are not well understood.

Many other well-studied viruses have been shown to use this silent presence to
establish persistent infections. Perhaps the best-studied example of limited gene and protein
expression is that of herpes simplex virus (HSV). During latent infection, the only viral
transcripts that are detected are the latency-associated transcripts and no proteins are
expressed (Stevens ef al., 1987). The virus enters nerve endings and is transported to the
nucleus of sensory nerves innervating the mucosal epithelium. In latently infected neurons,
viral genomes acquire the characteristics of endless or circular DNA and no replicating virus
can be detected in the sensory ganglia innervating the site of inoculation (Spivack and Fraser,
1988). In a fraction of neurons harboring latent HSV, the virus is periodically reactivated,

usually upon injury to the initially infected area. Infectious virus is carried to peripheral
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tissues by axonal transport, usually to cells at or near the site of initial infection. The latent
life cycle ensures that the host’s immune system cannot identify the virus as foreign, as
proteins are rarely generated.

Similarly, latent EBV infection is associated only with expression of one protein, EBV
nuclear antigen-1 (EBNA-1) (Wu et al., 2000). A wide range of B cells, from pro-B to
antigen-experienced memory cells (but not plasma cells), appear susceptible to EBV infection
and transformation in vitro, reflecting expression within the B-cell lineage of the principal
EBYV receptor, CR2 (CD21) (Jondal ez al., 1976). Upon infection of B cells the virus can
either progress to a lytic or latent infection (Petti ef al., 1990, Swaminathan, 2003). Latent
EBYV persistence has also been shown to be dependent on the proliferation of daughter cells
with low copy episomes that attach to mitotic spindles through EBNA-1 (Kapoor and
Frappier, 2003).

Another virus that causes latent infection that escapes immune recognition is
cytomegalovirus (CMV). CMYV infects myeloid-lineage hematopoietic cells (including
progenitors that give rise to granulocytes, macrophages, dendritic cells and possibly
endothelial cells), which eventually become important targets for lifelong latency. The study
of the impact of latent CMV infection is hampered, since only 0.01% of PBMC are infected,
even when highly sensitive PCR-driven in situ hybridization techniques are used

(Soderberg-Naucler er al., 1997).
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1.6.2 Infection of immunologically privileged sites

Another viral immune escape mechanism is the infection of tissues and cells that are
not readily accessible to the immune system. A site of persistence employed by many viruses,
including HSV, LCMV, VZV, and measles, is the central nervous system (Oldstone e/ al.,
1993). Central nervous system cells allow viral evasion since the blood-brain barrier impedes
lymphocyte extravasation. As well, the lack of MHC class I expression on neurons ensures
that viruses (or their processed peptides) cannot be recognized by virus-specific CTL (Joly
etal., 1991).

To escape immune recognition, many viruses infect lymphocytes, the very cells which
are required to eliminate virus and enable viral clearance (Oldstone ef al., 1989). The
disruption of function of these cells, therefore, can result in immunosuppression, which may
be either virus-specific or generalized. Measles virus is a well-characterized example of a
lymphotropic virus that causes generalized immunosuppression (Niewiesk et al., 2000). It
has been postulated that measles virus impairs both the primary and secondary immune
responses by inhibiting T cell proliferation. However, the other functions of these cells, such
as cytokine secretion, does not seem to be compromised.

HIV is another example of a lymphotropic virus that infects CD4+ cells, the majority
of which are Th cells and macrophages. This infection eventually destroys these types of
cells, with the overall effect of generalized immunosuppression, enabling opportunistic
infections which cannot be eradicated, frequently causing death of an infected individual

(Embretson ez al., 1993; Cohen and Fauci, 2001).
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Infection of DC is another mechanism whereby viruses can remain hidden from
immune responses. In various viral infections, such as vaccinia (Engelmayer ez al., 1999),
measles (Servet-Delprat ef al., 2000), and CH type C (Auffermann-Gretzinger ef al., 2001,
Bain et al., 2001), the invasion of DC is associated with impaired DC differentiation and
function. Overall, the downregulation of costimulatory molecules and the impairment in
expression of maturation markers on DC can be responsible for a decrease in immuno-
stimulatory activity. As mentioned in Section 1.4.1, the decreased function of DC may not

only affects adaptive antigen specific responses but also overall innate immune mechanisms.

1.6.3 Induction of immunological tolerance

The effectiveness of the host immune response to any particular pathogen also
depends upon the maturity of the immune system at the initial time of exposure.
Theoretically, antigens that are encountered in early stages of development are not likely to
initiate an immune response and will not be identified as foreign, whereas the same antigens
seen by a developed immune system will be immunogenic (Ahmed, 1992). In this regard,
vertically transmitted LCMYV infection in mice is one of the best studied models of tolerance.
Mice infected at birth become life-long carriers and fail to develop a virus-specific response
(Jamieson et al., 1991). Similarily, in chronic HBV infection of children infected via vertical
transmission, a potential mechanism of impairment of virus clearance may be due to the
presence of viral antigens during immunological development, whereby viral antigens are not

identified as foreign, thereby inducing tolerance to viral products.
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In adult viral infection, viral antigens may initially induce a strong antigen-specific
effector T cell response. However, in later phases of the infection, the virus can overwhelm
the CD8+ CTL virus-specific response, causing their clonal deletion from the lymphocyte
population (Ahmed and Gray, 1996). This has been suggested to occur during LCMV
infection in adult mice who fail to eradicate the virus leading to its persistence (Oldstone ef
al., 1993). A similar situation may exist in HBV infection, whereby individuals with

chronically high levels of the virus remain in a fairly healthy, asymptomatic state.

1.6.4 Impairment of cytokine function

Cytokines are an integral component of antiviral immunity. They behave in a complex
network to inhibit viral replication, inhibit proliferation and destroy infected cells, control the
inflammatory response, and contribute to other immune effector mechanisms. Studies have
demonstrated that proteins from several viruses can interfere with these cytokine functions.
Three adenovirus early proteins (E3-14.7K, E3-10.4K/14.5K, and E1B-19K) can protect
mouse cells which are sensitive to TNFo-induced apoptosis. The mechanism by which these
adenovirus proteins counteract TNFo appears to be through inhibition of cytosolic
phospholipase A2 (Krajcsi ef al., 1996).

A different mechanism used by EBV is to impede antigen presentation. EBV
expresses the protein BCRF1 which is a homologue for human IL-10. Studies have shown
that BCRF | inhibits the expression of TAP-1 (transporters associated with antigen processing

protein-1), as would IL-10 (Zeidler ez al., 1997). This cytokine mimicry would hamper the
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transport of processed peptide antigens into the endoplasmic reticulum (ER), which would
prevent MHC class I molecules from being loaded with EBV specific peptides.

Viral peptides that mimic host cytokine receptors or inhibit activation of cytokines
have also been described. For example, vaccinia and myxoma viruses encode proteins capable
of binding IFNa and TNFa (reviewed by Alcami and Koszinowski, 2000). Additionally, the
mousepox virus produces a secretable binding protein for IL-18 and, therefore, prevents the
induction of [IFNY production.

It has also been demonstrated that measles virus is capable of inhibiting macrophage
[L-12 production, which is required for antiviral responses in infected cells, through the

binding of hemagglutinin protein to CD46 (Atabani ef al., 2001).

1.6.5 Interference with MHC class I antigen processing and presentation

One of the major mechanisms of viral persistence is to prevent the presentation of viral
peptides by MHC class I molecules on the surface of infected cells. Because the stable cell
surface expression of MHC class I molecules requires association between the heavy chain
and [32-m, as well as an endogenously produced synthesized viral peptide, any interference
with antigen processing or presentation will interfere with CTL surveillance. For example,
many viral proteins have been reported to interact with TAP and other components of MHC
class I antigen presentation. In particular, it has been shown that the C-terminal domain of
the HIV Tat protein, a transactivator of HIV transcription, represses transcription of MHC

class I genes. This impediment arises due to the interaction of Tat with a component of the
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transcription factor TAFII250 (Weissman et al., 1998) that binds to the MHC class | heavy
chain promoter. The repression of MHC class I transcription 1s one of the mechanisms that
HIV utilizes to avoid immune recognition (Weissman ef al., 1998). HSV infection also
reduces cell surface levels of MHC class I molecules (Jennings e al., 1985). The decrease
in this expression is due to peptide transport interference by a viral protein product of the
immediate early gene, US12, also known as infected cell protein 47 (ICP47) (York ¢t al.,
1994). This cytosolic protein associates with the peptide binding domain of TAP, inhibiting
peptide translocation to the ER. This results in the production of empty, unstable MHC class
I molecules. Other viruses prevent peptide loaded, intact MHC class I molecules from being
transported to the membrane. Adenoviruses express the protein E3/19K, the early region 3
transmembrane glycoprotein, which is a prime inhibitor of class | MHC surface expression.
This protein binds to the alpha 1 and alpha 2 helices of the MHC class I heavy chain
(Flomenberg et al., 1994), preventing its transport to the cell surface. Even in uninfected
lymphoid cells which have been transfected with E3/19K, this decreased surface MHC class
| expression has been shown (reviewed in Burgert e al., 2002).

In the case of WHYV, it has been shown that MHC class I expression on the hepatocyte
cell surface in animals with serumWHsAg-positive CH decreases nearly to the levels present
on non-infected normal hepatocytes (Michalak ez al., 2000). The corresponding data showing
that CD3 and IFNY expression in the liver are also at near normal levels in chronic infection
suggests that alteration in MHC class I expression in the presence of moderate to high viral

loads may compromise immune recognition. The precise mechanism of this interference 1s
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not yet established. However, since the levels of MHC class I-associated transcripts in
hepatocytes from animals with chronic WHYV hepatitis are essentially identical to those in
healthy animals, it has been proposed that the process is post-transcriptional (Michalak and
Hodgson, 2001).

Other studies have shown that accessory molecules, such as lymphocyte function
associated antigen-3 (LFA-3) and intracellular adhesion molecule-1 (ICAM-1), are involved
in viral escape from CTL recognition. Specifically, a reduced level of LFA-3 and ICAM-1
on EBV-positive Burkitt’s lymphoma cells allows escape from virus-specific CTL lysis
(Gregory et al., 1988). However, the mechanism of suppression of these adhesion molecules

1s not well understood.

1.6.6 Interference with MHC class Il antigen processing and presentation

Overall, there is less known about the interference of viral proteins with MHC class
11 than with MHC class I expression (see Section 1.6.5). In terms of viruses which invade
humans, HCMV, HIV and human papilloma virus (HPV) have been shown to impede MHC
class Il expression. Most of the viruses inhibit the IFN'y-signal transduction cascade required
to induce upregulation of MHC class Il transcription. This mechanism has been reported for
infection with HPV, where a proteintermed ES5 inhibits acidification of endosomes, destroying
functional MHC class Il molecules (Straight ez al., 1995). With respect to HCMV | inhibition
of MHC class 11 expression results from disruption of the IFN*y-stimulated Jak/STAT signal

transduction pathway (Miller e al., 1999). Because the induced expression of MHC class 11
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by IFNY is likely to play a key role in antigen presentation, interference with this step could
prevent the generation of an effective immune response against the virus. In terms of HIV
infection, 1t has been demonstrated that the nef protein interferes with MHC class 11

processing (Kanazawa and Matija-Perterlin, 2001).

1.6.7 Viral genomic variation

Nucleotide substitutions in viral genomes can have several effects, including evasion
of natural or vaccine-induced immunity, drug resistance, changes in pathogenicity, and
alterations in tissue or species tropism, leading to viral persistence (Domingo et al., 1993).
This usually occurs in viruses which replicate through reverse transcription due to the error-
prone nature of the reverse transcriptase, since it lacks 5'-3' exonuclease activity (Wain-
Hobson, 1996). This replicative mechanism can lead to significant genomic changes in the
virus, thereby creating protein modifications which may evade virus-specific B and T-cell
mediated immune responses. As mentioned before (Section 1.1.3) hepadnavirus is the only
DNA virus that has this feature.

The mutation of viral proteins at sequences that serve as epitopes for antibody
recognition provides effective escape of the virus from the host humoral immunity. Mutations
in hypervariable region | of the HCV E2 glycoprotein, for example, may generate viral
species able to escape recognition by specific antibodies (van Doorn et al., 1995). Similarly,
in the HIV sequence, a single amino acid substitution in the conserved region of gp 120, the

envelope glycoprotein, can lead to a loss of recognition by antibodies (Watkins ez al., 1993).
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In an analogous manner, mutations in epitopes involved in the binding of viral peptides
to MHC molecules or in TCR recognition of MHC/viral peptide complexes can enable the
virus to evade detection by the immune system. The presence of CTL escape mutants was
initially demonstrated in LCMYV infection. Transgenic mice carrying a TCR specific for one
LCMYV epitope enabled a study of responses to epitopes with single amino acid substitutions
(Pircher et al., 1990). This study proved that for LCMYV, a single substitution in the peptide
that constitutes the TCR contact site resulted in suppression of the CTL response and virus
persistence. The conclusion from this study is limited by the single TCR specificity used in
the model, so that in the situation of a polyclonal and multispecific CTL repertoire, a similar
viral advantage may not exist. However, it has been shown that CTL escape variants occur
during natural HIV infection (Borrow ef al., 1997) and HBV infection (Bertoletti e/ al.,
1994).

A similar mechanism by which viral antigenic variation can enable viral escape of the
host immune recognition is TCR antagonism. The interaction of the mutated viral peptides
with the TCR causes the T-cell to be unresponsive to the engagement. Influenza virus and
HIV have been postulated to use this antagonistic form of immune evasion. The exact
mechanism of this event is not yet understood, however, it provides a highly effective means
of evading the virus specific CTL response. The efficacy of this strategy is evident in that the
variants could block CTL-mediated lysis of cells that are co-infected with wild-type virus.
This would allow the survival of the wild type virus in the presence of an ongoing CTL

response.
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1.7 GENOME VARIATION IN HEPADNAVIRAL PATHOGENICITY
1.7.1 HBYV genome mutations
Due to the structural and pathogenic properties of HBV, the implications of viral
genome mutations can be extensive in terms of alterations in the viral replication cycle,
immune recognition, and disease development. Virus “mutations” and “variants” are terms
often used interchangeably, however, only mutations are relatively permanent changes in the
viral genome, leading to a subspecies, whereas variants are considered to be only slightly
different from wild type virus sequences (<10% nucleotide sequence variation in comparison
to wild type). Even though virus mutations have been identified in different forms of HBV
infection, the contribution of these mutations to virus infectivity, escape from immune
recognition, and modulation of disease progression and severity is not clear. The unique
strategy of HBV replication, involving reverse transcription, is associated with a high
mutation rate of 1.75 x 10™ - 7.62 x 10 misincorporations/site/year (Roberts ¢/ al., 1988;
Orito et al., 1989). However, the compact genome structure of hepadnavirus, with four
overlapping reading frames, may frequently led to nonproductive mutations since they can

affect more than one gene product.

1.7.1.1 Mutations found in fulminant hepatitis B
As stated previously, fulminant hepatitis is a rare but deadly form of hepatitis type B
(Section 1.3.1). Only about 1% of those acutely infected with HBV will develop this disease,

of which almost all will die unless they receive a liver transplant. The HBV genomic sequence
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carried in this form of hepatitis has been extensively studied. Although cases of fulminant
hepatitis have been linked to specific mutations (see below), this disease can also exist without
viral sequence variation. On the other hand, presence of the same mutations is not always
associated with fulminant disease, suggesting the importance of host-specific mechanisms
(Karayiannis ef al., 1995; Protzer et al., 1996, Naumann et al., 1997).

HBYV genome sequence analysis in source and index patients have shown that the
majority of cases in outbreaks of fulminant hepatitis were derived from the same virus, with
greater than 99% homology between sequences taken from different patients (Asahina ¢/ al.,
1996). Overall, three epidemics of fulminant hepatitis have been reported, and all of them
arose due to infection with of HBeAg-negative strains originating from chronically infected
HBeAg-negative patients (reviewed in Gunther et al., 1999).

The specific HBV mutation associated with the fulminant disease is from G to A at
position 1896 (G1896A). This point mutation disables the secretion of HBeAg by introducing
a stop codon that only permits translation of a short pre-C peptide. Reports from different
countries showed that the GI896A point mutation commonly occurs in patients with
fulminant hepatitis B (Carman ez al., 1991, reviewed in Carman, 1996). Presently, the HBV
pre-core defective mutant i1s the only known hepadnavirus mutation associated with
progression and/or outcome of hepatitis B.

The mechanism by which the HBeAg defective mutant mediates the induction of
fulminant hepatitis was suggested based on experiments in HBV transgenic mice. It was

observed that the change of a single residue in the HBV core/e-specific T cell epitopes led to
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the loss of HBeAg tolerence and, in consequence, altered the type of Th cell responses
(Milich ef al., 1998). The dysregulation of the Th1-Th2 balance may result in an increased
and rapid inflammatory response, causing destruction of the liver. A potential role of anti-
viral cytokines, such as IFNY and TNF¢., in the initiation of fulminant hepatitis has also been

suggested in a transgenic mouse model of HBV infection (Ando ef al.,1993).

1.7.1.2 Mutations resulting in HBeAg-negative hepatitis B

Hepatitis B accompanied by the absence of HBeAg reactivity arises from mutations
either in the HBV pre-core region creating a stop codon or due to frame-shift mutations. As
previously stated, the G1896A hypermutation, which prevents the synthesis of pre-core
protein, may account for the severe liver disease in patients with serum HBeAg-negative
hepatitis (Brunetto ez al., 1989; Carman ez al., 1989). Many longitudinal studies have shown
that seroconversion to anti-HBe is commonly associated with the disappearance of
biochemical markers of hepatitis and a decrease in viremia (Okamoto et al., 1990; Gunther
etal., 1992; Maruyama et al., 1998, Milich and Liang, 2003), as compared to chronic carriers
without anti-HBe. Therefore, it can be suggested that the absence of HBeAg due to genomic
mutation would be associated with increased severity of liver disease and a greater HBV
viremia during infection, and that anti-HBe may contribute to viral clearance. A common
occurrence of pre-core defective HBV is seen in patients with end-stage liver disease. After
liver transplantation in these patients, variant HBV, which is not capable of producing

HBeAg, is thought to reinfect the donor liver (Angus ef al., 1995; Naumann ef al., 1997).
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Other studies carried out in HBeAg transgenic mice demonstrated the tolerogenic
potential of HBeAg. This may explain both the induction of fulminant hepatitis and the /n
utero tolerence to HBV antigens induced in the fetus of HBeAg-positive mothers (Milich ef
al., 1990). These studies also provide insight into the pattern of induced HBV disease in the
absence of HBeAg. Further, provided that HBeAg can cross the placenta, its interaction with
the immune system prior to perinatal infection may down-regulate the HBcAg/HBeAg-
specific Th cell response, which is assumed to play a role in HBV clearance (Ferrari e/ al.,
1990). In mice, HBeAg preferentially elicits a Th2 cell response which produce cytokines
that are anti-inflammatory (Milich ez al., 1997). Also, HBeAg has the potential to deplete
HBeAg-specific and core-specific Thl cells, probably by apoptosis (Milich ef al., 1998).
Thus, the suppressive effect of HBeAg on the immune system’s response to HBV may
partially explain fulminant hepatitis and newborn tolerance to HBV. The dysregulation of this
tolerence caused by the aberrant HBV lacking the ability to express HBeAg may affect the

pattern of induced liver disease.

1.7.1.3 Mutations arising after hepatitis B vaccination

Over the past 10 years, despite effective vaccination protocols against HBV yielding
protective anti-HBs, outbreaks of HBV infection in individuals thought to be protected have
occurred. Up to 99% of antibodies induced after HBV vaccination are directed toward the
“a” antigenic determinant of HBsAg, whichis conserved across all HBV subtypes. Normally,

these antibodies are protective. However, “a” antigenic determinant with mutations between
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amino acid residues 137 and 149 have been found in the HBV sequence in patients with
breakthrough infections (Howard et al., 1995). One of these mutations lies at position
G145R (Carman and Howard, 1992; Okamoto ef al., 1992). This mutation has shown to be
responsible for break-through infections, which occur in 5-19% of children vaccinated in
endemic countries (Whittle ef al., 1991; Fortuin ef al., 1994). Thus, approximately 8% of
children from Gambia have evidence of such HBV infection (Fortuin e al., 1994), and many
of them also harbour another mutation, K141E (Karthigesu ez al., 1994). It is well known
that there are three epitopes in the “a” determinant and that vaccine-induced antibodies may
differ in reactivity profiles compared to those developed over the course of natural HBV
infection followed by recovery (Thanavala ef al., 1986). This suggests that a single amino
acid change in the virus envelope protein may render neutralizing antibodies generated by
vaccination useless (Karthigesu ef al.,, 1999). A similar situation exists when mothers
vertically transmit HBV infection, and their newborns are vaccinated. These children
generally develop HBV with mutations in the “a” determinant (Lee ez al., 1997, Ngui ¢t al.,
1997) and become asymptomatic HBeAg-positive carriers, with no wild-type sequence
reversion over time (Carman ef al., 1990; Hsu et al., 1997).

The increasing selection of the aforementioned variants due to vaccination, their
potential to establish a chronic carrier state, and their possible transmission may lead to a
spread of “a” determinant variants. This may cause potential problems for successtul global
vaccination strategies. Surveillance of the epidemiology of these variants is required.

However, follow-up studies of children infected with “a” determinant variants completed so
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far do not indicate a significant spread of these mutants (Oon et al., 1996; Hsu et al., 1997).

1.7.1.4 Mutations arising during antiviral treatment

Antiviral drugs currently used to treat CH type B, such as lamivudine, often select
mutations in the HBV P gene (Colacino and Staschke, 1998; Melegari et al., 1998).
Resistance to therapy and break-through infection are observed with the emergence of these
mutations. Lamivudine therapy induces amino acid changes in the YMDD motif, namely M
to V or I (Ling ef al., 1996, Niesters ef al., 1998). After one year of treatment, up to 39%
of immunocompetent patients develop mutations in this motif (MS50V or M5501) (Honkoop
et al., 1997). Besides the active site of the RT, the B domain of the polymerase, upstream
from the YMDD domain, is also an area where mutations can develop which overcome
antiviral therapy with lamivudine. Famciclovir therapy often shows amino acid changes
emerging from the B domain of the polymerase. These changes can often compensate for the
deleterious effect of the mutations in the YMDD motif (Fu and Cheng, 1998). Even though
these mutations re-establish P protein function, the in vitro activity of the transfected mutant
P gene was only about 10% of that compared to the wild-type controls (Melegari ¢ al.,
1998). This may explain why viremia levels for breakthrough infections during treatment only
reach 10% of the pretreatment levels (wild-type sequence) (Neisters ez al., 1998), and why
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