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ABSTRACT 

Hepatitis B virus (HBV) causes lifelong liver disease in up to 400 million persons 

worldwide. The true extent ofHBV 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 HB V -specific serological assays. Fallowing our previous findings indicating that the 

lymphatic system is a site ofhepadnavirus replication, the aims of this study were to determine 

virological factors underlying hepadnavirallymphotropism 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 WHY, 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 WHV infection, that is normally limited to the 

lymphatic system, is induced by exposure to low doses ( < 103 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 ofWHV ( < 103 vge) 

did not induce protective anti-viral immunity in that the infected host remained susceptible to 

infection with large WHY doses. 

. 
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In a subsequent in vitro study, we documented that WHY 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 WHY maintained its infectivity and pathogenicity when 

administered to virus-naive woodchucks. This proved that lymphotropism is a natural 

propensity of wild-type WHY in both in vivo and in vitro conditions. 

By analysing animals intrahepatically transfected with recircularized, complete 

recombinant WHY DN~ we documented that recombinant WHY 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 WHY persistent replication. We prepared monocytic derived DC from animals with 

serologically evident and occult chronic WHY 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 WHY and HBY, it is reasonable to 

assume that infection of lymphoid cells also plays a major role in the initiation and long-term 

persistence of HB V 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 (HB V) causes significant tnorbidity and mortality, despite the 

availability of highly effective and safe vaccines. This is mainly due to the fact that established 

chronic HB V 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 serutn of an infected 

Australian aboriginaltnan (Blumberg et al. , 1967). The ultrastructure of the infectious HBV 

virion was demonstrated in 1970 by Dane (Dane et a/., 1970) and, therefore, it is frequently 

called the Dane particle. It is generally accepted that HB V is essentially non-cytopathic 

(Guidotti and Chisari, 2001; Chisari and Ferrari, 1995 ~ Curry and Koziel, 2000). However, 

in itntnunocomprotnised patients, e.g., after re-infection of liver transplant, HBV can directly 

destroy infected liver cells (Demetris et a/., 1990). The symptoms of HB V infection are 

tnainly due to the host cytopathic itnmune responses directed against virus-infected 

hepatocytes. 
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1.1 HEPATITIS B VIRUS 

1.1.1 Molecular organization 

HBV is the prototypic virus of the hepadnavirus family. This fatnily is divided into 

two genera: Orthohepadnaviridae (tnammalian viruses) and Avihepadnaviridae (avian 

viruses) (Marion et al., 1980). New viruses are being identified as members of these genera 

as tnore species are investigated. Well defined members of the tnatnmalian subfamily include: 

HBV, woodchuck hepatitis virus (WHV), and ground squirrel hepatitis virus (GSHV). The 

best characterized tnetnber 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 et al., 1980). 

All hepadnaviruses have similar tnolecular, structural, and antigenic properties. 

However, matninalian and avian hepadnaviruses also have some distinct characteristics. For 

exatnple, avian hepadnaviruses lack an X gene, they synthesize two (not three) envelope 

proteins, and their envelope proteins do not exist as freely circulating filatnents . As well, 

although chronic liver disease is induced by DHB V, hepatocellular carcinotna (HCC) does not 

appear to develop in infected animals (Cova et al., 1994), unless alpha toxin is adtninistered. 

The HB V genotne is a circular 3.2 kilo base (kb )-long, partially double-stranded DNA, 

referred to as relaxed circular DNA (rcDNA). The circular structure of the genome is 

tnaintained by a short cohesive overlap between the 5'-ends of plus and tninus 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 genotne contains four overlapping open reading frames (ORF) encoding the four 1najor 

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 co dons, but they are derived from two different overlapping mRN A species (2. 4 

and 2.1 kb ). These proteins have a common carboxy-terminus and differ at their amino-

tennini. They are referred to as: large (preS 1 ), middle (preS2), and major or small (S) surface 

proteins (Gerlich eta/., 1992~ Lau eta/., 1993). 

The C ORF encodes the virus nucleocapsid protein, designated as the HB V core 

antigen (HBcAg), as well as another protein, which due to post-translational 1nodifications, 

displays e antigen specificity (HBeAg) from the 3.5 kb pregenomic RNA (see Section I . 1.3). 

Although the a1nino acid sequences of the core and e proteins are nearly identicat except for 

an additional ten atnino acid sequence encoded by the pre-core region and deletion of 3 4 

residues encoded by the 3'-end of the C region, they induce the imtnune syste1n to produce 

antibodies of distinct specificity (Ou eta/., 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 cotnplete virion ( Uy el a/., 1986: Salfeld et a/., 1989). 

Transcription of the P ORF results trom the 3.5 kb pregenotnic RNA in formation of 

a Inultidotnain polypeptide with viral reverse transcriptase (RT), RNase, and DNA polymerase 

activities. As well, this protein contains a packaging signal and pritnes reverse transcription 

of the viral pregeno1ne. This protein is essential for hepadnavirus replication (Bavand and 

Laub, 1988: Mack el a/., 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-XL ~ thereby increasing cell 

survival and growth (Diao eta/.~ 2001 a~ Diao eta/., 2001 b). The transactivating properties 

of the X-protein can affect other cellular proteins, including the expression of major 

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

1.1.2 Ultrastructure 

The infectious virion ofHBV~ or the Dane particle, exists as a 42 nanotneter (nm)

diameter sphere, consisting of a lipoprotein outer envelope tnade of the three virus surface 

proteins and host lipids (Gavilanes eta/.~ 1982). The envelope surrounds core (nucleocapsid) 

which houses the viral genome. Subviral particles carrying HB V surface antigen (HBsAg) 

reactivity are composed of envelope proteins and associated lipids and they fonn spheres (20-

ntn diatneter) and tubules (up to 23 0-nm long). These particles are not infectious, as they do 

not contain genetic tnaterial~ but they can occur in the circulation in large quantities~ as high 

as 50-300 ~g/mL~ i.e., 1012 particles/mL (Peterson, 1981 ~ Kotfand Galambos, 1987: Dienstag 

and Purcell , 1997). These subviral HBsAg particles purified fron1 the blood of infected 

individuals were used as the source material for preparation of HB V vaccines before the age 

of recombinant protein synthesis technology (Hollinger eta/., 1986). 
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1.1.3 Re11lication strategy 

After a putative cell surface receptor(s) and virion interact to enable virus entry to the 

cytosol, it 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 ON A 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 tnarker to 

tnonitor viral replication activity (Tuttleman eta/., 1986). Four HBV tnRNA 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 pregenotnic RNA is then reverse 

transcribed into 1ninus strand DNA, which subsequently serves as a tetnplate for virus plus 

strand DNA synthesis (Summers and Mason, 1982). Once the plus stand is synthesized, new 

HBV 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 (e.g., hepatitis A virus, 

hepatitis C virus [HCY]., hepatitis D virus, adenovirus, hutnan 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 HB V 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-titnes tnore 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 estitnates state that 

two billion people have been infected with the virus, with the global number of chronic HB V 

carriers (i.e., serutn HBsAg-positive individuals) approaching 400 tnillion (World Health 

Organization, 2000). Of the people chronically infected, about 25o/o succutnb to untreatable 

HCC (Beasley, 1988). 

The geographic distribution ofHBV infection varies greatly. Highly enden1ic areas 

include Southeast Asia and sub-Saharan Africa where up to l5o/o of the total population are 

chronically infected with HBV (i.e., permanently serutn HBsAg-positive), primarily due to 

vertical transtnission frotn mother to child (Maynard eta/., 1989). ln the developed world, 

including North Atnerica and Western Europe, infection rates are usually below 1 o/o, and virus 

transtnission occurs largely due to intravenous drug use and sexual contact. However, 

occupational exposure is still a concern for those not vaccinated (Gerberding, 1996). lt is 

estitnated that at least 270,000 Canadians are chronically infected with HBV, but the 

prevalence of HB V infection varies considerably due to the heterogeneity of our population 

(Canadian Consensus on the Management of Viral Hepatitis, 1999). For exatnple, there is an 

estitnated chronic carrier rate of 6.9o/o atnong natives and 7.4% atnong itntnigrants from 

Southeast Asia and Mrica, whereas the rate is considered very low atnong non-immigrant 
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Canadians (Canadian Communicable Disease Report, 2001 ). 

1.3 NATURAL PROGRESSION OF HBV INFECTION 

1.3.1 Sytnptomatic, serologically evident disease 

Clinical patterns ofHBV infection can be classified into five distinct appearances: ( 1) 

asymptomatic 'subclinical' infection, (2) acute hepatitis ( AH), (3) fuhninant hepatitis, ( 4) CH, 

and ( 5) a serum HBsAg-positive healthy chronic carrier state. It is estimated that up to 70o/o 

of adults infected with HBV develop an asymptomatic infection (Chi sari and Ferrari, 1996). 

This is usually identified by coincidental blood testing, although some of these individuals do 

dernonstrate rnild non-specific manifestations, such as fatigue and flu-like syrnptotns. The 

remaining 30o/o 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 fultninant hepatitis (Saracco 

e/ a/. , 1988~ Hoofnagle et a/., 1995). This form of liver disease is associated with rapidly 

progressing massive hepatocyte necrosis coupled with the developrnent of encephalopathy, 

and is usually fatal. 

After the acute phase of disease, about 90o/o of adults spontaneously recover (self

lirnited acute hepatitis~ SLAH) and enter the convalescent stage with apparent pennanent 

immunity (Hoofnagle et a/., 1987). However, recent studies have dernonstrated that 

recovery, which is characterized by the disappearance of clinical symptorns, the normalization 
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of biochemical indicators of liver function (e.g., alanine atninotransatninase [ AL T] and 

aspartate aminotransferase [ AST]), the clearance of serutn 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 eta/., 2000). 

Patients with a continued presence of serological markers of active HB V infection 

(i.e., positive for HBsAg and antibodies to HBV core antigen [anti-HBc]) and with 

biochemical indicators of liver injury (e.g., AL T, AST) for longer than six tnonths are deetned 

chronic HB V 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 

exatnple, greater than 90% of infected neonates becotne sympton1atic chronic carriers, as 

cotnpared to 30-60% of children infected before the age of 4 years (Okada el a/., 1976). 

However, a stnaller proportion ( 5-l 0%) of individuals infected with HB V 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 ( tnild) hepatitis, and a 

HBsAg-positive healthy chronic carrier state without apparent tnorphological features ofliver 

injury and with only occasional alterations in the levels of AL T and AST (Hoofnagle eta/., 

1987). 

Chronically infected individuals usually have progressive liver intlatnmation which 

often leads to liver cirrhosis, frequently preceding the developn1ent of HCC. The risk of 

developing HCC is ahnost 200-times greater in chronic HB V carriers than in unintected 



9 

individuals (Beasley, 1988). Atnong factors potentially contributing to the developanent of 

HCC is the integration of HBV DNA into hepatocyte chroanoson1es, which potentially 

disrupts tumor suppressor gene functions or activates cellular genes (e.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 developn1ent (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 

itntnune con1plexes has been well docuanented in aneanbraneous and n1eanbrane-proliferative 

glomerulonephritis, polyarteritis nodosa, and arthritis (Gocke, 1975: Michalak, 1978: 

Michalak and Krawczynski, 1981 ). There has also been reports oflyanphoana relating to HB V 

infection (Ozaki eta/., 1998). 

1.3.2 Asytnptotnatic, occult infection 

As tnentioned (Section I. 3. l ), the tnajority of individuals exposed to HB V develop 

asymptomatic infection and as many as 95% of patients with AH type 8 self-recover. 

However, contrary to previously accepted opinions, recent studies demonstrated that these 

individuals carry low levels of HB V for years after apparent cotnplete spontaneous clinical 

recovery (Bluan eta/., 1991 : Michalak el a/., 1994: Pardoe and Michalak, 1995: Rehermann 

el a/., 1995: Rehermann eta/., 1996b: Conjeevaram and Lok, 200 l ). 
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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 eta/., 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, 

cotnplete virions. When less sensitive techniques like Southern blot hybridization were used, 

T cells, B cells, and monocytes were found to contain HBV replicative intennediates (Calmus 

el a /. 1994 ). Continued activation of the host immune system after resolution of hepatitis B 

was also postulated since HBV -specific metnory T cell responses could be detected in SLAH 

years after recovery (Rehermann el a/. , 1996a). The maintenance of this anti-viral state may 

be required to keep persisting HB V under control (Penna el 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 

serutn anti-HBc antibodies and HBV-specific cytotoxic T lymphocytes (CTL) in circulation 

persisted even 23 years after clinical recovery from HBV infection (Rehermann et al., 1996b ), 

suggesting that the residual HB V persistence may trigger tnetnory cellular responses to viral 

antigens as well . The occult HB V 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 genotnic tnutations were not detected even 30 years after resolution of AH type B 

(Blackberg el a/. , 2001 ). Furthermore, this study also revealed that the HB V sequence in 
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liver samples collected decades after convalescence from AH were identical to that found at 

the titne of initial infection. Importantly, it has also been shown that the occult persistence 

ofHBV 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 HB V cccDNA, whereas only 2 of 9 serum satnples showed the presence 

of S and X gene sequences (Yuki eta/., 2003). Liver fibrosis and mild liver inflammation 

accotnpanied 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 tnodel of HB V 

infection (Michalak eta/., 1999). Further, when sera from cases ofCH of unknown etiology, 

as determined by histology, were examined for HB V DNA, 3 Oo/o of the cases were found to 

harbour low levels of HBV DNA (less than 104 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 et a/., 2001 ). Most recently, 

pathological relevance of occult HBV infection was documented by identification of HB V 

genome in 63 . So/o of HCC cases of unknown etiology, suggesting that the virus was a 

pathogenic factor in the development of liver cancer (Pollicino et a/., 2004 ). 

In contrast to occult HB V persistence continuing after apparent cotnplete 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 tnothers with 

chronic sympton1atic HB V infection become chronic carriers of the virus. However, the 

passage of occult HB V from mothers convalescent from AH type B to their children has not 
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been investigated. In the woodchuck experimental model of HB V infection, it has been 

shown that WHY can be passed from recovered mother to offspring as pritnary occult 

infection (POI), and that such acquired virus persists indefinitely and can be infectious to a 

healthy virus-naive anitnal (Coffin and Michalak, 1999). In terms of the parallel hutnan 

situation, the ramifications of persistent carriage of low levels of hepadnaviral genotnes, 

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) itnportant. 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 fonn of silent HBV carriage 

have not yet been investigated in humans. However, the infection of the lymphatic systetn and 

the long-term HBV -specific T cell immune activity suggests that the establishment and 

maintenance ofhepadnaviral persistence resisting immune elimination. In the hutnan situation, 

the transplantation of liver from serologically HB V DNA negative, anti-HBc-positive 

individuals to virus-naive recipients led to re-infection of the recipient (Chazouilleres eta/., 

1994: Lowell et al., 1995~ Hu et a/., 2002). The fact that HBV infection of the recipient 

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

1.4 lMMUNOPATHOGENESIS OF HEPADNAVIRAL INFECTION 

The pritnary function of the immune system is the recognition and elitnination of 

foreign tnolecules, including viral pathogens. The immune system of higher vertebrates 
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consists of natural (innate) and adaptive (specific) imtnunity. Upon initial viral entry to the 

host, it encounters the innate cellular imtnune system that, among others, includes monocytes, 

macro phages, 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 ofimmunological memory and antigen specificity. In theory, the 

adaptive itnmune responses can be divided into humoral (antibody-tnediated) and cellular 

anns. Pathogen-specific cellular immunity is mediated by two tnain 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 pep tides presented by class I MHC. 

During infections with noncytopathic viruses, such as HB V, any overt clinical sytnptoms are 

generally a result of the host ' s immune responses against virus-infected cells, causing their 

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

1.4.1 Innate iinmunity 

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 perfonn their actions by the secretion of antiviral 

cytokines and through cytolytic activity (Bendelac et al., 1997: See et al., 1997). 

The peak ofNK cell cytotoxic activity and proliferation normally occurs shortly after 

viral infection and is an important element of natural resistence to 1nany viruses (Welsh eta/., 

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 Ino1ecules 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 fa1nily (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-1nediated lysis, predon1inately through 

perforin-dependent cytotoxicity (Kagi et al., 1994~ Sayers el a/., 1998). In the case of 

different viral pathogens, it has been shown that the ability of the host to 1nount 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 detnonstrated that 

IFN -gatnina ( IFN y ), secreted by activated NK cells, rnay dratnatically enhance defence 

against certain virus infections, for exatnple during murine cytornegalovirus (MCMV) 

infection (Dokun et al. , 2001 ~ Nguyen eta/., 2002). The NKT cell expresses markers of both 

T and NK cells. This cell type has a limited Va/VP T cell receptor (TCR) usage, and 
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contains one of the defined NK cell markers (e.g., CD 16 and Ly49). The activated NKT cell 

can produce high levels of cytokines, including interleukin (IL)-4 and IFNy. The IFNy 

production suggests that these cells have the potential to control viral infections, if they 

becotne 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., CD ld) if associated with P2-microglobulin CP2-tn) 

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 tnature T cells in the rodent 

liver (Watanabe eta/., 1995). However, the frequency of NKT cells in the hurnan liver is 

much lower (Kenna eta/., 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 1nay account for 

up to 30% of total intrahepatic lymphocytes (Bendelac eta/., 1999~ Doherty eta/., 1999), and 

these cells can activate NK cells through cytokine secretion to control tumor growth and the 

spread of intracellular pathogens (Cui et a/., 1997~ Bendelac et a/., 1999~ Doherty et a/., 

1999). It 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 et a/., 

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 IFNa/p and IFNy release (Guidotti el a/. , 1999~ 

Cavanaugh eta/., 1998). As well, chimpanzee models ofHBV infection suppor1 the idea that 
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T cell-independent induction ofhepatic cytokines, specifically IFNa/p, lFNy., and TNFct can 

lead to a non-cytopathic inhibition of HB V replication (Kakimi et a/., 2000; Guidotti et a/., 

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 itntnunity. 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 IFNy, as discussed above 

(Bendelac et al., 1997; See eta/., 1997). The release of these cytokines therefore link the 

innate and adaptive itntnune responses, since the recruitment and/or activation of specific B 

and T cells is enhanced in this milieu. 

1.4.2 Humoral immunity 

Specific humoral imtnunity is mediated by antibodies produced by plastna cells derived 

frotn antigen-specific B cells. Antibodies are essential in the early neutralization against viral 

infections since they help, atnong other things, reduce the amount of freely circulating virus 

by preventing viral attachtnent 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 
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exposures with the same virus is usually prevented by the persistence ofB 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 eta/., 2000). 

The antibody response to HBV envelope glycoproteins (i.e., anti-HBs) is thought to 

be important in HB V neutralization and clearance. The loss of serutn H BsAg and the 

subsequent seroconversion to anti-HBs is the classical tnarker of resolution of disease in 

patients with acute HB V 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 (Maruyama eta/., 1993). Neutralizing antibodies in HBV infection have been shown 

to be important since the successful use ofHBsAg-based HBV vaccine (Beasley et 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 (lg) and complement were detected in infected hepatic tissue from 

various stages of hepatitis B (Nowoslawski eta/., 1972). Therefore, the hutnoral response 

to HBsAg remains operational in chronic infection, although it may cause pathological effects 

through deposition of imtnune complexes. In fact, it has been shown that about I 0-20% of 

patients with HB V infection have extra-hepatic immunocomplex-associated disorders, 

including glotnerulonephritis (Combes eta/., 1971 : N owoslawski eta/., l 97 5: Slusarczyk et 

a/., 1980), polyarteritis nodosa (Gocke el a/., 1970~ Michalak, 1978), and arthritis (Csepregi 
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eta/., 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, n1ight be the 

result of the elimination of infected cells via an antibody recognition oftnetnbrane bound HBe 

protein (Schlicht et a/., 1991). The humoral response against HBeAg and HBcAg tnay also 

promote undesirable effects because the extrahepatic deposition of these imtnunocomplexes 

have been observed in glomerulonephritis (Slusarczyk eta/., 1980~ Ohba et at.. 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 aT 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 

ofHBV-infected hepatocytes, particularly in patients with severe CH (Michalak el a/ .. 1995). 

The antibody response to the HB V P and X proteins are not monitored in clinical 

situations, although they have been detected (Weitner et al., 1990). It has been reported that 

antibody to carboxy terminus of virus polymerase may be an early tnarker of infection and 

reflects active HB V replication. Antibodies to HBxAg have been reported to show qualitative 
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and quantitative heterogeneity (Stemler eta/., 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 ofHBV (Stemler eta/., 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 II rnolecules. These molecules are located 

on the surface of professional APC, which include DC, macrophages, and activated 8 

lyrnphocytes. The 18-22 amino acid-long antigenic peptides presented by MHC class II are 

usually derived from extracellular antigens that are proteolytically processed in acidified 

endosomes or lysosomes after endocytosis by the APC (Abbas et al., 2000). 

There are two distinct subsets ofCD4+ cells, each associated with a different arm of 

the i1nmune system. The T -helper type 1 (Th 1) subset, which produce cytokines such as lL-2 

and IFNy, 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-l 0, are 

involved in the maturation and differentiation ofB cells (Mosmann and Sad, 1996). From a 

tnurine tnodel of leishmaniasis and other infection model systems, it has been proven that Th 1 

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 

tnainly processed by the class I 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 !-restricted, CD8+ CTL-mediated response (Abbas et 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 eta/., 1998). In the perforin-dependent pathway, CTL secrete perforin~ a pore 

fanning protein, that acts on the target cell membrane providing access for granzytnes, which 

interfere 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 el a/., 1993). In 

addition, activated CTL secrete antiviral cytokines (such as TNFa and IFNy) which can 

directly kill the target cell (Kagi and Hengartner, 1996~ Kagi eta/., 1996). 

ln tenns of the T cell responses to hepadnavirus, it is generally acknowledged that 

virus-specific CTL responses are responsible for hepatocellular datnage 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 

is the causative factor of liver damage in HB V infection. Due to the restricted host range of 

HB V and the lack of cell cultures that efficiently support viral replication, studies on T ceiJ 

involvetnent in the itntnunopathogenesis ofHBV -induced hepatocellular injury have focused 

on the in vitro analysis of CTL and Th cells derived frotn patients with clinically evident 

hepatitis. In general, the HB V -specific T cell specific response is vigorous, polyclonal, and 
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tnultispecific 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 estitnated 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 tnay contribute to long tenn control of trace levels of HB V 

replication persisting after recovery from hepatitis, as demonstrated by the detection of 

HBcAg-specific proliferative T -cell responses years after resolution of AH (Rehennann eta/., 

1995~ Penna eta/., 1996~ Rehermann et al., 1996b ). As mentioned above (see Section 1.3 .2), 

identification ofHBV DNA by sensitive PCR/Southern blot hybridization assays in the sera 

and in PBMC tnany years after recovery frotn AH suggests that the HB V -specific CD4+ T

cell response is maintained indefinitely by minute amounts of persistently replicating virus 

(Michalak eta/., 1994 ~ Penna eta/., 1996~ Rehermann eta/., 1996b). The satne could be true 

with respect to continued maintenance of a strong anti-HBc antibody response that is 

nonnally detectable throughout life after recovery from hepatitis B (see Section 1.3 .2). 
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1.5.1 Woodchuck hepatitis virus (WHV) 
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WHV was discovered in a colony of eastern North Atnerican woodchucks in the 

Philadelphia Zoological Garden, where a high rate ofCH and HCC was observed (Sutntners 

eta/. , 1978). The WHV model is currently widely accepted as the most natural and suitable 

tnodel for the study of HB V, 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 

ofHCC (reviewed in Michalak, 1998). 

The virion of WHY has a diameter of 45 nm. The 3. 3 kb WHY genotne (Figure 1 . I) 

ts slightly longer than HBV DNA and shares overall about 70o/o nucleotide sequence 

homology to the human virus. The WHV envelope proteins detnonstrate antigenic cross

reactivity with those ofHBY, to the extent that commercial assays for HBsAg and anti-HBs 

have been used to identify corresponding WHV antigens. As well, core antigens of both 

viruses have common antigenic determinants (reviewed in Marion eta/. , 1991 ) . Currently, 

the outbred nature of the animals and the lack of reagents recognizing tnarkers specific for 

individual woodchuck lymphoid cell types are the major constraints in the use of this anitnal 

systetn. However, the woodchuck model of hepatitis B is more accessible and substantially 

less expensive than chitnpanzees. 

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

potential of WHV. HCC develops in almost all anitnals with serum WHY surface antigen 
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(WHsAg)-positive CH within 18 to 36 months after infection with the virus (Popper eta/., 

1981 ~ Korba eta/., 1989). It is believed that the activation of cellular oncogenes, particularly 

c-n1yc and N -n1yc, 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, HBY 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 WHY. 

1.5.2 Characteristics of WHV infection 

1.5.2.1 Symptomatic serologically evident hepatitis 

The transmission of WHY through blood and body fluids, as well as frotn mother to 

offspring, parallels that of HBY. Similar to infection with HBV, woodchucks persistently 

infected with WHY develop chronic liver inflammation with different degrees of 

hepatocellular injury and lytnphotnononuclear cell infiltrations (Michalak, 1998). As in HBY 

infection, tnost infected neonates or those born to mothers with serum WHsAg-positive 

chronic infection develop serologically evident CH that ahnost invariably progresses to HCC. 

The fact that animal age, virus strain, and its dose may influence the rate of chronicity in 

experimental WHY infection has been documented (Cote eta/., 2000a). In adult animals, 

WHY infection usually leads to SLAH and clearance of virus serologicaltnarkers (Korba el 

a/., 1989), but molecular indicators of residual WHY infection remain (Michalak eta/., 1999). 
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Approximately 10-15% of animals infected with WHY progress to serum WHsAg-positive 

CH. This rate of progression to CH is similar to that in adults infected with HB Y (5-1 0%). 

However, suppression ofthe immune response by cyclosporin A in experitnentally infected 

adult woodchucks dratnatically increases the rate of CH outcotne, depending on the age of 

the animal at the time of drug administration (Cote et a/., 1992). This suggests that the 

maturity of the immune system is critical in the pathogenesis ofhepadnaviral infection and its 

persistence. Furthermore, the existence of autoantibodies against ASGPR has been associated 

with the developtnent ofCH in the woodchuck-WHY model (Diao and Michalak, 1997~ Diao 

el a/. , 2003 ). 

Hepadnavirus clearance without massive immune-mediated destruction of infected 

hepatocytes occurs in WHY infection. In one study, hepatocytes were labeled during the 

peak of acute infection, when nearly all liver cells are infected (Kajino eta/., 1994). After 

elitnination of WHY from the liver, many labeled hepatocytes were still present, suggesting 

that non-cytopathic viral clearance occurs in woodchucks infected with WHY. More 

recently, studies investigating the role of anti-viral cytokines (i.e., IFN y and TNF a.) 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 eta/., 2000b~ Hodgson and Michalak, 200 I). 

Elevated hepatic IFN y, TNF a, and CD3 expression, coupled with a lower hepatic viral load 

and increase in liver inflatnmation preceded recovery from AH, while a reverse status of these 

parameters was associated with progression of AH to CH (Hodgson and Michalak, 200 I). 
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The establishment of assays measuring the proliferative T -cell response in woodchucks 

has further demonstrated that WHY-specific CD4+ T cells may play an itnportant role in 

preventing development of chronic infection. The antiviral effect ofCD4+ 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 et al., 1997). Similar to HBcAg, WHV 

core antigen (WHcAg) and sotne of its synthetic pep tides effectively stimulate proliferation 

ofT cells derived from acutely infected woodchucks, but not those obtained from animals 

with CH (Menne et al., 1997). 

It has been docurnented that chronic WHV infection, but not acute WHV hepatitis, 

is 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 WHY e antigen (WHeAg) were also found to be associated with the outer 

tnetnbranes of infected hepatocytes (Michalak and Churchill, 1988~ Michalak eta/., 1990~ 

Michalak and Lin, 1994). Interestingly, while antibodies to WHV core antigen (anti-WHc) 

were readily detectable on hepatocyte plasma membranes, antibodies to WHV e antigen (anti

WHe) could only be detected on metnbranes from animals that had recovered frotn AH 

(Michalak el a/., 1990). This tnay suggest that, sirnilar to HBV infection in hutnans, a 
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humoral response against e antigen may contribute to the resolution of acute WHY infection, 

presumably by the elimination of infected hepatocytes through antibody-mediated cytolysis, 

as was suggested for chimpanzees vaccinated with HBeAg (Schlicht et al., 1991 ). As 

discussed later (Section 1.6.5), the decreased cell surface expression of MHC class I on 

hepatocytes in chronic WHY hepatitis may potentially impact the effectiveness of CDS+ T 

cell-mediated antiviral immunity (Michalak et al., 2000). 

WHY 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 cotnplement (Michalak et al., 1995., B~ Diao e/ a/., 

1998). Recently., it has been shown that hepatocytes in chronic WHY 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 tnay contribute to the pathogenesis and prolonged recovery frotn liver injury 

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

1.5.2.2 Primary occult WHV infection 

In the woodchuck tnodel, it has been shown that tnaternal transtnission of WHY to 

offspring occurs not only when the mother has serologically evident chronic WH V infection, 

but also when it is convalescent from AH (Coffin and Michalak, 1999). All offspring fro1n 

these recovered dams carried very low levels of WHY genotnes and WHY n1RNA in the 
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lytnphatic 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 WHY surface antigen (anti-WHs) were detected in the offspring. WHY cccDNA was 

detectable in the lymphatic organs and in WHY DNA-positive livers. In addition, WHY 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 WHY virions. The significance ofthis 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 WHY infection in naive anitnals. Moreover, these offspring were not protected 

frotn infection when challenged with a large dose of WHY (i.e., 1.1 x 1010 virus genome 

equivalents [ vge]) (Coffin and Michalak, 1999). 

The consequences of infection in infants born to In others with resolved HB V have 

never been studied. However, the similarities of WHY to HBV suggest that the persistence 

of small amounts of the virus, especially in the extrahepatic reservoir, could have a significant 

itnpact, in tenns 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 et a/. "' 1999). POI initiated by minute atnounts 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 (Shitnizu 

et al. , 1991 ). A similar situation is seen in other virus infections. For example, tnice infected 
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at birth with high levels of lytnphocytic choriomeningitis virus (LCMY) becotne life-long 

carriers and fail to develop virus-specific responses (Jamieson eta/., 1991 ) . 

1.5.2.3 Silent residual WHV infection 

Remnant asymptomatic hepadnavirus infection, i.e., secondary occult infection (SOl), 

continuing after resolution ofHBY and WHY hepatitis have been documented in both humans 

and woodchucks (Michalak, 2000). The anti-viral immunity established after an encounter 

with a dose of either WHY or HB Y 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 tnodel, WHY DNA and RNA persistence after recovery from AH 

is lifelong when highly sensitive PCR assays coupled with Southern blot nucleic acid 

hybridization (PCR/NAH) of the amplified products are utilized (Michalak eta/. , 1999). This 

life-long carriage is not restricted to the PBMC and lymphatic organs, but also involves the 

liver. Animals that have serologically cleared WHY often show transient minimal to moderate 

intlatntnatory alterations in the liver up to the end of their lifespan (Michalak e/ a/., 1999), as 

has also been reported subsequently for hutnans with SLAH (Yuki eta/., 2003). Moreover, 

up to 20% of the recovered animals finally develop HCC (Korba eta/. , 1989: Michalak e/ a/. , 

1999). 

In other studies, it was demonstrated that the harboured WHY 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 systetn (Lew and Michalak., 2001 ). The SOl is always accotnpanied by anti-WHc 

and frequently by anti-WHs (Michalak et a/., 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 eta/., 1989~ Michalak et a/., 1999~ Coffin et a/., 

2004). 

1.6 GENERAL MECHANISMS OF VIRAL PERSISTENCE 

Viruses that persist in a host need to possess two fundatnental characteristics. They 

tnust be able to maintain their genotne 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 itnmune responses. Most viruses that persist have established a 

cotnplex virus-host relationship and may use many mechanisms to avoid the antiviral immune 

response and subsequent elimination. In the following sections., the best recognized 

tnechanisms contributing to virus evasion in general., and likely pertaining to hepadnavirus 

persistence, will be briefly sutntnarized. 

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 

tnost intellectually challenging aspects of virology. An effective tnechanism 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 

tnobilized. At a later titne, 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 (Hytnan et a/., 

1983 ~ Croen eta/., 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 segtnent 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 et al., 1987). The virus enters nerve endings and is transported to the 

nucleus of sensory nerves innervating the tnucosal epithelium. In latently infected neurons, 

viral genotnes 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 EB V infection is associated only with expression of one protein, EB V 

nuclear antigen-1 (EBNA-1) (Wu et a/., 2000). A wide range of B cells, from pro-B to 

antigen-experienced memory cells (but not plasma cells), appear susceptible to EB V infection 

and transformation in vitro, reflecting expression within the B-cell lineage of the principal 

EBV receptor, CR2 (CD21) (Jondal eta/., 1976). Upon infection ofB cells the virus can 

either progress to a lytic or latent infection (Petti eta/., 1990~ Swatninathan, 2003 ). Latent 

EB V 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). CMV infects myeloid-lineage hetnatopoietic 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 

ofthe itnpact oflatent CMV infection is hampered, since only 0.01% ofPBMC are infected, 

even when highly sensitive PCR-driven in situ hybridization techniques are used 

(Soderberg-Naucler et 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 el a/., 

1993). Central nervous system cells allow viral evasion since the blood-brain barrier impedes 

lymphocyte extravasation. As well, the lack ofMHC class I expression on neurons ensures 

that viruses (or their processed peptides) cannot be recognized by virus-specific CTL (Joly 

el a/. , 1991 ). 

To escape itnmune recognition, 1nany viruses infect lytnphocytes, the very cells which 

are required to eliminate virus and enable viral clearance (Oidstone et a/., 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 exatnple of a 

lymphotropic virus that causes generalized immunosuppression (Niewiesk et a/., 2000). It 

has been postulated that 1neasles virus i1npairs both the primary and secondary itntnune 

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 tnajority 

of which are Th cells and 1nacrophages. 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 

(Etnbretson et a/., 1993: Cohen and Fauci, 2001 ). 
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Infection of DC is another mechanism whereby viruses can remain hidden frotn 

imtnune responses. In various viral infections, such as vaccinia (Engelmayer et a/., 1999), 

measles (Servet-Delprat eta/., 2000), and CH type C (Autfermann-Gretzinger eta/., 200 I~ 

Bain et a/., 2001 ), the invasion of DC is associated with impaired DC differentiation and 

function. Overall, the downregulation of costimulatory molecules and the itnpairment 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 tnay 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 (Ahtned, 1992). In this regard, 

vertically transmitted LCMV 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 eta/. , 1991 ). Similarily, in chronic HBV infection of children infected via vertical 

transtnission, 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 overwhehn 

the CD8+ CTL virus-specific response, causing their clonal deletion from the lytnphocyte 

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 et 

a /., 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 lntpairment of cytokine function 

Cytokines are an integral component of antiviral immunity. They behave in a co1nplex 

network to inhibit viral replication, inhibit proliferation and destroy infected cells, control the 

inflammatory response, and contribute to other immun.e effector mechanisms. Studies have 

detnonstrated that proteins fro1n several viruses can interfere with these cytokine functions. 

Three adenovirus early proteins (E3-14.7K, E3-10.4K/14.5K, and ElB-19K) can protect 

mouse cells which are sensitive to TNFa-induced apoptosis. The mechanism by which these 

adenovirus proteins cout:tteract TNF a appears to be through inhibition of cytosolic 

phospholipase A2 (Krajcsi et al., 1996). 

A different mechanism used by EBV is to impede antigen presentation. EBV 

expresses the protein BCRF 1 which is a homologue for human IL-l 0. Studies have shown 

that BCRF 1 inhibits the expression ofT AP-1 (transporters associated with antigen processing 

protein-1 ), as would IL-l 0 (Zeidler eta/., 1997). This cytokine mimicry would hamper the 
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transport of processed peptide antigens into the endoplasmic reticulum (ER), which would 

prevent rvfHC 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 

ofbinding IFNa and TNFa (reviewed by AJcami and Koszinowski, 2000). Additionally, the 

mousepox virus produces a secretable binding protein for IL-18 and, therefore, prevents the 

induction of IFN y production. 

It has also been demonstrated that measles virus is capable of inhibiting macrophage 

IL-12 production, which is required for antiviral responses in infected cells, through the 

binding of hemagglutinin protein to CD46 (Atabani eta/., 2001 ). 

1.6.5 Interference with MHC class I antigen processing and presentation 

One of the tnajor tnechanisms of viral persistence is to prevent the presentation of viral 

peptides by rvfHC class I molecules on the surface of infected cells. Because the stable cell 

surface expression of rvfHC class I molecules requires association between the heavy chain 

and P2-m, as well as an endogenously produced synthesized viral peptide, any interference 

with antigen processing or presentation will interfere with CTL surveillance. For exatnple, 

many viral proteins have been reported to interact with TAP and other components ofMHC 

class 1 antigen presentation. In particular, it has been shown that the C-terminal dotnain of 

the HIV Tat protein, a transactivator of HIV transcription, represses transcription of MHC 

class 1 genes. This itnpeditnent arises due to the interaction of Tat with a cotnponent of the 
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transcription factor T AFII250 (Weissman eta/., 1998) that binds to the MHC class I heavy 

chain promoter. The repression ofMHC class I transcription is one of the mechanistns that 

HIV utilizes to avoid immune recognition (Weissman et a/., 1998). HSV infection also 

reduces cell surface levels ofMHC class I molecules (Jennings eta/., 1985). The decrease 

in this expression is due to peptide transport interference by a viral protein product of the 

itnmediate early gene, US 12, also known as infected cell protein 47 (ICP47) (York el a/., 

1994). This cytosolic protein associates with the peptide binding domain ofT AP, inhibiting 

peptide translocation to the ER. This results in the production of etnpty, unstable MHC class 

1 molecules. Other viruses prevent peptide loaded, intact MHC class I molecules frotn being 

transported to the membrane. Adenoviruses express the protein E3/ 19K, the early region 3 

transtnembrane glycoprotein, which is a prime inhibitor of class I MHC surface expression. 

This protein binds to the alpha 1 and alpha 2 helices of the MHC class I heavy chain 

(Fiotnenberg et a/., 1994 ), preventing its transport to the cell surface. Even in uninfected 

lymphoid cells which have been transfected with E3/19K, this decreased surface l\11-IC class 

1 expression has been shown (reviewed in Burgert eta/., 2002). 

In the case of WHY, it has been shown that l\11-IC class I expression on the hepatocyte 

cell surface in ani1nals with setutn WHsAg-positive CH decreases nearly to the levels present 

on non-infected nonnal hepatocytes (Michalak eta/., 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 tnay cotnprotnise itntnune recognition. The precise mechanistn of this interference is 
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not yet established. However, since the levels of MHC class !-associated transcripts in 

hepatocytes from animals with chronic WHY 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 ofLFA-3 and ICAM-1 

on EB V -positive Burkitt's lymphoma cells allows escape from virus-specific CTL lysis 

(Gregory eta/ . ., 1988). However, the mechanism of suppression of these adhesion Inolecules 

is not well understood. 

1.6.6 Interference with MDC class II antigen processing and presentation 

Overall, there is less known about the interference of viral proteins with MHC class 

II 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 i1npede MHC 

class II expression. Most of the viruses inhibit the IFNy-signal transduction cascade required 

to induce upregulation ofMHC class II transcription. This mechanism has been reported for 

infection with HPV, where a protein termed E5 inhibits acidification of endosomes, destroying 

functional MHC class IItnolecules (Straight e/ a/., 1995). With respect to HCMV., inhibition 

ofMHC class II expression results from disruption of the IFNy-stimulated Jak/ST AT signal 

transduction pathway (Miller eta/., 1999). Because the induced expression ofMHC class II 
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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 tenns of HIV 

infection, it has been demonstrated that the nef protein interferes with MHC class II 

processing (Kanazawa and Matija-Perterlin, 2001 ) . 

1.6. 7 Viral genomic variation 

Nucleotide substitutions in viral genotnes can have several effects, including evasion 

of natural or vaccine-induced itnmunity, drug resistance, changes in pathogenicity, and 

alterations in tissue or species tropism, leading to viral persistence (Domingo el a/., 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 

tnediated immune responses. As mentioned before (Section 1.1 .3) hepadnavirus is the only 

DNA virus that has this feature. 

The tnutation of viral proteins at sequences that serve as epitopes for antibody 

recognition provides effective escape of the virus from the host hutnoral itntnunity. Mutations 

in hypervariable region 1 of the HCV ·E2 glycoprotein, for example, may generate viral 

species able to escape recognition by specific antibodies (van Doorn et al., 1995). Sitnilarly, 

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 el a/., 1993 ). 
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In an analogous 1nanner, mutations in epitopes involved in the binding of viral peptides 

to MHC molecules or in TCR recognition ofMHC/viral peptide complexes can enable the 

virus to evade detection by the immune system. The presence of CTL escape mutants was 

initially demonstrated in LCMV infection. Transgenic mice carrying a TCR specific for one 

LCMV epitope enabled a study of responses to epitopes with single amino acid substitutions 

(Pircher et al., 1990). This study proved that for LCMV, 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 el a/., 1997) and HBV infection (Bertoletti el a/., 

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 

tnechanistn of this event is not yet understood, however, it provides a highly effective tneans 

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 HBV 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 tenns 

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 cotnparison 

to wild type) . Even though virus tnutations have been identified in different fonns of HBV 

infection, the contribution of these mutations to virus infectivity, escape from itnmune 

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 

tnutation rate of 1. 75 X 1 o-s - 7.62 X 1 o-s misincorporations/site/year (Roberts el a/.' I 988~ 

Orito et al. , 1989). However, the compact genome structure of hepadnavirus, with four 

overlapping reading frames, may frequently led to nonproductive tnutations 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 ahnost all will die unless they receive a liver transplant. The HBV genotnic 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 tnutations is not always 

associated with fulminant disease, suggesting the importance of host-specific mechanisms 

(Karayiannis et al., 1995~ Protzer et al., 1996~ Naumann et al., 1997). 

HBV genome sequence analysis in source and index patients have shown that the 

tnajority of cases in outbreaks of fuhninant hepatitis were derived frotn the satne virus~ with 

greater than 99% homology between sequences taken frotn different patients (Asahina eta/., 

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 HB V mutation associated with the fulminant disease is from G to A at 

position 1896 (G 1896A). This point mutation disables the secretion ofHBeAg by introducing 

a stop codon that only permits translation of a short pre-C peptide. Reports frotn different 

countries showed that the G 1896A point mutation commonly occurs in patients with 

fulminant hepatitis B (Carman et al. , 1991 ~reviewed in Carman, 1996). Presently, the HBV 

pre-core defective rnutant is the only known hepadnavirus rnutation associated with 

progression and/or outcome of hepatitis B . 

The mechanistn by which the HBeAg defective mutant mediates the induction of 

fulminant hepatitis was suggested based on experiments in HB V transgenic tnice. 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 eta/., 1998). The dysregulation of the Th 1-Th2 balance may result in an increased 

and rapid inflatnmatory response, causing destruction of the liver. A potential role of anti

viral cytokines, such as IFNy and TNFct, in the initiation offuhninant hepatitis has also been 

suggested in a transgenic mouse model ofHBV infection (Ando eta/. , 1993). 

1.7.1.2 Mutations resulting in HBeAg-negative hepatitis B 

Hepatitis B accompanied by the absence of HBeAg reactivity arises from tnutations 

either in the HB V pre-core region creating a stop codon or due to fratne-shift 1nutations. As 

previously stated, the G 1896A hypermutation, which prevents the synthesis of pre-core 

protein, tnay account for the severe liver disease in patients with serum HBeAg-negative 

hepatitis (Brunetto eta/., 1989~ Carman el a/., 1989). Many longitudinal studies have shown 

that seroconversion to anti-HBe is commonly associated with the disappearance of 

biochetnical markers of hepatitis and a decrease in viremia (Okamoto eta/., 1990~ Gunther 

eta/. , 1992~ Maruyama eta/., 1998~ Milich and Liang, 2003 ), as compared to chronic carriers 

without anti-HBe. Therefore, it can be suggested that the absence ofHBeAg due to geno1nic 

•nutation 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 cotntnon 

occurrence of pre-core defective HB V 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 eta/., 1995 ~ Naumann eta/., 1997). 



44 

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 in 

utero tolerence to HBV antigens induced in the fetus ofHBeAg-positive mothers (Milich et 

a/. , 1990). These studies also provide insight into the pattern of induced HBV disease in the 

absence ofHBeAg. 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 eta/., 

1990) . In tnice, HBeAg preferentially elicits a Th2 cell response which produce cytokines 

that are anti-inflatntnatory (Milich et al., 1997). Also, HBeAg has the potential to deplete 

HBeAg-specific and core-specific Th I cells, probably by apoptosis (Milich et a/. , 1998). 

Thus, the suppressive effect of HBeAg on the immune system's response to HBV tnay 

partially explain fulminant hepatitis and newborn tolerance to HBV. The dysregulation of this 

tolerence caused by the aberrant HB V lacking the ability to express HBeAg tnay 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 HB V yielding 

protective anti-HBs, outbreaks ofHBV 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 ofHBsAg, which is conserved across all HBV subtypes. Nonnally, 

these antibodies are protective. However, "a" antigenic determinant with mutations between 
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amino acid residues 13 7 and 149 have been found in the HB V sequence in patients with 

breakthrough infections (Howard et a/., 1995). One of these mutations lies at position 

G 145R (Carman and Howard, 1992~ Okamoto eta/., 1992). This mutation has shown to be 

responsible for break-through infections, which occur in 5-19% of children vaccinated in 

endemic countries (Whittle et a/., 1991 ~ Fortuin eta/., 1994). Thus, approximately 8o/o of 

children from Gambia have evidence of such HB V infection (F ortuin et a/., 1994 ), and tnany 

of them also harbour another mutation, K 141 E (Karthigesu et a/., 1994 ). It is well known 

that there are three epitopes in the "a" determinant and that vaccine-induced antibodies tnay 

differ in reactivity profiles compared to those developed over the course of natural HB V 

infection followed by recovery (Thanavala et a/., 1986). This suggests that a single atnino 

acid change in the virus envelope protein may render neutralizing antibodies generated by 

vaccination useless (Karthigesu et a/., 1999). A similar situation exists when tnothers 

vertically transmit HBV infection, and their newborns are vaccinated. These children 

generally develop HBV with mutations in the "a" determinant (Lee eta/., 1997: Ngui el a/., 

1997) and become asymptomatic HBeAg-positive carriers, with no wild-type sequence 

reversion over time (Cannan eta/., 1990~ Hsu eta/., 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" detenninant variants. This tnay cause potential problems for successful global 

vaccination strategies. Surveillance of the epidetniology of these variants is required . 

However, follow-up studies of children infected with "a" determinant variants cotnpleted so 
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far do not indicate a significant spread of these mutants (Oon et al., 1996: Hsu eta/., 1997). 

1.7.1.4 Mutations arising during antiviral treatn1ent 

Antiviral drugs currently used to treat CH type B, such as lamivudine, often select 

tnutations in the HBV P gene (Colacino and Staschke, 1998: Melegari et a/., 1998). 

Resistance to therapy and break-through infection are observed with the emergence of these 

tnutations. Lamivudine therapy induces amino acid changes in the YMDD motif, na1nely M 

to V or I (Ling el a/., 1996~ Niesters el a/., 1998). After one year of treatment, up to 39% 

ofitntnunocotnpetent patients develop mutations in this motif(M550V or M5501) (Honkoop 

el 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 latnivudine. Famciclovir therapy often shows amino acid changes 

etnerging frotn the B dotnain of the polytnerase. These changes can often compensate for the 

deleterious effect of the tnutations in the YMDD tnotif(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 e/ a/., 

1998). This may explain why viretnia levels for breakthrough infections during treattnent only 

reach I 0% of the pretreattnent levels (wild-type sequence) (Neisters et al. , 1998), and why 

after treatment ends, wild-type HBV quickly re-emerges (Buti eta/. , 1998). 
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1. 7.2 Woodchuck hepatitis virus variants 

Considering that WHY is the closest natural model of HBY, some of the 

aforementioned mutations which were found in HB Y -infected people were also identified in 

WHY. For example, the G 1896A mutation in the pre-core region of WHY parallels that 

occurring in HB V. This mutant has only been found in chronic WHY infection (Li el a/., 

1996). 

X protein deletion variants have been found in WHY. They contain deletions and 

duplications/insertions near the direct repeat (DR) sequence within the X gene (Sugata eta/., 

1994 ). In HB V infection, these mutations tend to appear in chronic infection in children with 

post-transfusion hepatitis, and in patients infected with HBY after renal dialysis (Feitelson et 

a/., 1995). Similarly the X protein deletion variants have only been found in chronic WHY 

(Li eta/. , 1996). 

In studies on antiviral agents, such as latnivudine, performed using the woodchuck 

model, P gene mutations identical to those described above for HBY have been identified. 

Notably, the A566T mutation in the FLLA motif of the polymerase B domain and the M589V 

tnutation in the RT dotnain of the P gene also gives rise to a viral genotne capable of re

establishing infection (Tatti eta/., 2002). 

1.8 THE ROLE OF EXTRAHEPATIC REPLICATION IN HEPADNAVIRAL 

PERSISTENCE 

Since the tnid-1980's, it has been shown that although hepatic HB V infection and 
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induced liver pathology is the leading source of clinical manifestations, the virus also 

productively infects cells of the lymphatic system, at least in chronic symptomatic hepatitis 

B. This fact holds true for all hepadnaviruses, in both avian and mammalian models ofHBV 

infection (Pontisso eta/., 1984~ Yoffe eta/., 1986~ Blum eta/., 1991; Michalak eta/ . ., 1994: 

Rehermann et al., 1995~ Penna et al., 1996; Michalak eta/., 1999). Ultimately, the 

consequences of the potential existence oflymphotropic hepadnavirus variants, if they exist, 

and a role of lytnphoid cell infection in the course of hepadnaviral hepatitis remain to be 

elucidated. 

1.8.1 HBV infection of the lymphatic system 

In chronic, serutn HBsAg-positive HBV infection, the presence ofHBV DNA was 

detected using Southern blot hybridization analysis of PBMC DNA. Replicative 

intermediates, cccDNA and viral RNA, were also detected in lymphoid cells of these patients 

(Pontisso eta/., 1984: Laskus eta/., 1999). However, usually these studies did not etnploy 

tnethods to differentiate between intracellular and potentially cell surface adhered virions or 

free viral DNA. Moreover., HBV antigens have been found in PBMC isolated frotn some 

chronically infected individuals (Chemin eta/., 1992). 

The development of sensitive techniques able to detect genome quantities below 1 00 

vge/mL by applying PCR amplification of viral DNA, demonstrated the presence ofHBV in 

serutn and PBMC in patients recovered frotn AH type B (Michalak eta/.., 1994: Penna el a/., 

1996: Rehern1ann et a/., 1996b ), as well as in liver biopsy samples from such patients (Yuki 
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et al. , 2003) . This persistence of the virus proves that the appearance of otherwise protective 

anti-HBs does not indicate total virus eradication (Michalak et al., 1994). 

The detection of HBV genome and its replicative intermediates observed in the 

lymphatic system of patients with occult HB V suggests ongoing HB V replication. Transiently 

increased levels ofHBV replication may occur at times due to many factors. Stimulation of 

the immune system due to common infections or more serious factors, i.e., co-infection with 

HI V or HCV, and adtninistration of imtnunosuppressive agents during transplantation or 

chetnotherapy., tnay up regulate virus production. An example of how significant low levels 

of lytnphoid cell-derived HB V can be is exemplified in a report describing a patient who was 

HBV seronegative with no detectable HBV DNA that had undergone hematopoietic cell 

transplant from a donor that was serum HBsAg-negative but anti-HBs and anti-HBc-positive 

(Carpenter eta/., 2002), indicating convalescence from AH type B. Serum HBV DNA was 

apparently negative in the donor described in this study, as tested by real titne PCR 

(sensitivity: 25 vge/mL). However, upon administration of the bone tnarrow, the recipient 

became HBsAg-positive at 7 months post-transplantation. The most probable explanation 

of the source of HB V infection in this patient was from the donor' s cells. The recipient was 

treated with itnJnunosuppressive drugs., which may have allowed increased virus replication. 

Studies employing enzytnatic treatment ofPBMC isolated frotn patients convalescent 

from AH to remove any traces of viral DNA and potentially attached virions proved that HBV 

expression was intracellular (Michalak eta/., 1994). However, due to ethical and practical 

considerations in sample collection, investigations of liver biopsies from such recovered 
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patients have not been extensive. Nevertheless, recent studies have shown that there are long-

term histologic and virologic consequences after clearance of silent infection continuing after 

termination of AH (Yuki eta/., 2003 ). Thus, liver tissue samples obtained at a median of 7. 2 

years after recovery harboured HBV DNA Sand X gene sequences, as well as HBV cccDNA 

in all individuals examined. Furthermore, mild inflammatory infiltrations and fibrous 

expansion of portal areas were observed upon histological examination. Further studies are 

required to determine the clinical relevance of these observations. However, these findings 

are consistent with earlier detailed studies of liver alterations in woodchucks years after 

recovery frotn experi1nental WHY hepatitis (Michalak et a/., 1999). 

Importantly, not only low levels of HBV DNA persist in PBMC during occult 

infection but also virus-specific T cell responses and anti-HBc antibodies, supporting the 

notion that low level HB Y replication progresses in these apparently healthy individuals 

(Rehennann et a/., 1996b). IInportantly, HBV DNA sequences encountered in these 

individuals did not differ from wild-type HBY even 30 years after recovery from AH type B 

(Blackberg and Kidd-Ljunggren, 2001 ). 

1.8.2 WHV lyntphotropism 

Many of the findings mentioned above have been extensively studied in the 

woodchuck tnodel of HB V infection. Initially, extrahepatic replication in lymphoid tissues 

had been shown by detection of WHY DNA in the PBMC of animals with serum WHsAg

positive CH (Korba eta/., 1987; Ogston eta/., 1989). It was later shown that the expression 
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of WHY replication intermediates could be upregulated in lymphoid cells frotn these 

woodchucks in the presence of non-specific mitogens (Korba et al., 1988). Further, it was 

demonstrated that PBMC from animals with CH could also display WHsAg and WHcAg, in 

addition to WHY DNA and RNA (Chemin et al., 1993). 

The potential pathogenic relevance of the lymphotropic nature of WHY becatne 

evident in studies of WHY occult infection. Examination of circulating and organ lymphoid 

cells during the life-time follow-up of the animals recovered from acute WHY hepatitis 

showed the presence of WHY DNA and RNA (Michalak et al., 1999). Importantly, as 

described in Section 1.5.2.3, HCC has developed years after recovery in about 20o/o of these 

animals, indicating that the harboured virus retained its oncogenic potential. Other in vitro 

studies from our laboratory showed that virus derived from naturally infected lymphoid cells 

could infect cultured virus-naive lytnphoid cells and hepatocytes (Lew and Michalak, 200 I) . 

The supernatants frotn the lymphoid cell cultures injected intravenously (i. v.) into virus-naive 

woodchucks produced a serologically silent WHY infection (see below). 

It was documented that woodchuck dams chronically infected with WHY transtnit 

infection to their offspring and that up to 90% of the offspring develop serologically evident 

CH (Gerin, 1990). It has also been shown that dams that apparently completely recovered 

trotn WHY infection and were anti-WHs positive pass the virus to their babies (Coffin and 

Michalak, 1999). This infection was asymptomatic and progressed in the absence ofWHsAg, 

anti-WHs and anti-WHc antibodies. WHY genomes were detected at levels of 10-100 

vge/mL in serutn for up to almost 4 years after birth (Coffin and Michalak, 1999). Moreover, 
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WHY DNA in some animals persisted in the lymphoid organs and circulating lymphoid cells, 

but not in the liver. Importantly, although this virus was not evidently troubling to the 

offspring (e.g., no biochemically or histologically evidence of liver pathology), it was 

infectious when injected to virus-naive adult woodchucks. 

The nature of WHY lymphotropism and the lymphatic system-restricted infection are 

not recognized. Also, the pathological consequences of the persistence of small amounts of 

biologically cotnpetent virus at this extrahepatic site requires further and more detailed 

investigations. 

1.9 PURPOSE OF THE STUDY 

Due to recent identification of the existence of persistent occult hepadnaviral infection 

continuing after recovery from SLAH and demonstration of predisposition of hepadnavirus 

to infect the host's lytnphatic system, tnany areas of research concerning the virus 

lymphotropism and its contribution to the long-term persistence of hepadnavirus need to be 

elucidated. Also, pathobiological properties of the virus replicating within lymphoid cells are 

not fully detennined. The possible existence of lytnphotropic viral variants, which might be 

a causative factor of the lymphatic systetn infection, also is not recognized. The potential, but 

currently not fully recognized, epidemiological and pathological consequences of occult 

hepadnavirus persistence tnakes investigations in this area clinically relevant. The difficulties 

with such studies in humans are mainly due to practical and ethical problems with collection 

of appropriate tnaterials, in particular liver biopsies, and with determination of the onset of 
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HBV invasion. This gives way to the use of the natural experimental model of HBY 

infection, the woodchuck-WHY systetn. The aims of the present studies were as follows : 

1. To determine the extent of WHY infection in lymphoid cells in different stages of 

hepadnaviral infection, including chronic WHY hepatitis, primary occult infection (POI) and 

secondary occult infection (SOl), continuing after recovery from WHY hepatitis. In this 

regard, to establish a method allowing direct detection of hepadnavirus genotne in intact 

lytnphoid cells and to quantify numbers of WHY -infected lymphoid cells during both 

serologically evident and silent virus persistence. 

2. To elucidate if the induction of occult WHY infection might be related to the dose of the 

invading virus and, if so, to identify an amount of the virus that is required to cause this fonn 

of infection in the woodchuck model of hepatitis B. 

3. To identify whether the existence of a particular virus genomic variant could be 

responsible for the lymphotropic nature of WHY. For this purpose, to design experi1nental 

conditions facilitating enrichment of a lymphotropic virus. Subsequently, to analyze 

nucleotide sequences of the WHY obtained after 1nultiple serial passages of wild-type virus 

in cultured woodchuck ly1nphoid cells and hepatocytes. To determine if this approach 1nay 

generate changes in the virus genome which would be specific for a particular cell type and 

which tnay modify the virus ' in vivo infectivity. 
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4. To assess the engagement of the lymphatic syste1n in WHY. infection established by the 

intrahepatic transfection with complete recombinant WHY genome (rWHY DNA). To assess 

if the virus in this form of artificially induced infection invades and replicates in DC. 

5. To examine if DC are a reservoir of actively replicating virus in animals with serologically 

evident and occult long-term WHY persistence. 
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All woodchucks used in these studies were maintained by the Molecular Virology and 

Hepatology Research Laboratory in the Animal Care Facility at the Health Sciences Centre~ 

Metnorial University of Newfoundland, St. John's, Newfoundland. Animals were housed 

under environmental and biosafety conditions specifically established for this species by our 

laboratory. Woodchucks were fed a woodchuck herbivore diet supplemented with fresh 

vegetables and given water ad libitum (Michalak and Churchill, 1988~ Michalak and Bolger, 

1989: Michalak el a/., 1990~ Michalak and Lin, 1994~ Michalak, 1998). 

Woodchucks infected with WHY were kept separately from healthy animals. Healthy 

woodchucks had no serological markers of past WHY infection, i.e., they were negative for 

serum WHsAg, anti-WHc and anti-WHs antibodies (Section 2.3). In addition, DNA 

extracted from sera, PBMC, and liver biopsies from these animals were WHY DNA non

reactive by WHY -specific PCRIN AH of the resulting PCR products (sensitivity < 10 vgeltnL) 

(Section 2. 7). 

Initiation ofWHY infection was considered when WHY DNA became first detectable 

in the circulation (i.e., serum and/or PBMC). The beginning of the acute phase of WHY 

infection (i.e., AH) was diagnosed when serum WHsAg was detected for the first time. The 

existence of AH was routinely confirmed by histological examination of liver biopsy obtained 

by laparototny 4-6 weeks after inoculation with WHY. Recovery from AH was diagnosed 

when seru1n WHsAg was permanently cleared. At this stage, anti-WHs were usually, but not 
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always, detectable. 

Chronic WHY infection was defined when an animal was continuously positive for 

serum WHsAg, anti-WHc, and WHY DNA for at least six months (mo). Diagnosis ofCH 

was confirmed by histological examination of liver biopsy (Section 2.12). 

2.2 SAMPLE COLLECTION 

2.2.1 Blood collection 

Blood was obtained aseptically from the digitalis vein of woodchucks under 

isofluorane-induced anaesthesia (CDMY Inc., St. Hyacinthe, Quebec). Blood was collected 

into tubes with no additives (red top Yacutainer~ Becton Dickinson, Rutherford, New Jersey) 

for serum isolation (Section 2.2.2) or into tubes containing sodium ethylenediamine tetra

acetic acid (EDT A~ lavender top Vacutainer~ Becton Dickinson) for plasma and PBMC 

isolation (Section 2.2 .3). 

2.2.2 Seru1n isolation 

Untreated blood was allowed to clot at ambient temperature (AT) for approximately 

one hour (h) before serum isolation and then kept at 4°C for 18 h to collect any remaining 

serum. The tube was then centrifuged at 720 x g for 10 minutes (min). The isolated serutn 

was aseptically aliquoted to small volumes and stored at -20°C for future use. 
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2.2.3 Isolation and storage of PBMC 

Approximately 5 mL of EDT A-treated blood was overlaid on 3 mL ofFicoll-Paque 

(PharmaciaBiotech, Baie d'Urfe, Quebec) and centrifuged at 330 xgfor 30 min. The plas1na 

layer was collected and stored at -20°C. The interface between the two layers which contains 

PBMC was removed and diluted with 10 mL of sterile phosphate buffered saline (PBS), pH 

7.4 with EDT A (PBS-EDT A), and centrifuged at 330 x g for 10 min. Red blood cells 

remaining in the cell pellet were lysed with 3 mL of buffered ammoniutn chloride solution for 

10 min, then washed with PBS-EDT A under the sa1ne conditions as indicated above. 

Viable cells were counted with a hematocytometer using try pan blue exclusion. 

Approximately 1 0 7 cells were pelleted by centrifugation using the conditions described above 

and suspended in fetal calf serum (FCS) containing 10% dimethyl sulfoxide (DMSO) at a 

concentration of no more than 1 0 7 cells/mL in cryogenic vials. The vials were stored in liquid 

nitrogen after a slow cooling process. Upon thawing on ice, these cells could be used for 

culture or serve as a source for nucleic acid isolation. 

2.2.4 Liver biopsies 

Biopsy liver tissue was obtained by surgical laparotomy under aseptic conditions. 

Each animal was sedated by an intramuscular injection of ketamine (23 mg/kg~ Ketaset ~ 

CDMV Inc.) and xylazine ( 10 1ng/kg~ Lloyd Laboratories, Shenandoah, Iowa) and then 

anaesthetized using 2-4o/o isofluorane (CDMV Inc.) . Each biopsy was divided aseptically into 

several fragtnents . Liver pieces ( 1-2 mm3 each) were immediately frozen in liquid nitrogen 
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for future nucleic acid analyses. Other tissue fragtnents (about 5-mm3 each) were fixed in 

10% buffered formalin (Fisher Scientific, Nepean, Ontario) for histological examination or 

embedded in Hi stoP rep (Fisher Scientific) and then frozen in isopentane pre-cooled in liquid 

nitrogen for future immunofluorescent (IFL) examination. 

2.2.5 Collection of specimens at autopsy 

Prior to autopsy, animals were injected with an overdose ofketamine-xylazine. Blood 

was collected by cardiac puncture and used for isolation of serum (Section 2.2.2), PBMC, and 

plasma (Section 2.2.3). The liver, spleen, lytnph nodes, bone marrow, kidneys, pancreas, and 

fragtnents of skeletal muscle were retnoved aseptically. Tissue satnples were preserved for 

further investigations, as described above (Section 2.2.4). In some cases, splenocytes were 

isolated by gently pressing the splenic tissue through a fine wire mesh (Jin et al., 1996). The 

resultant cells were resuspended in 10 tnL PBS-EDT A and then processed following the 

protocol for PBMC (Section 2.2.3). 

2.3 ASSAYS FOR SEROLOGICAL MARKERS OF WHV INFECTION 

2.3.1 Detection of woodchuck hepatitis surface antigen (WHsAg) 

WHsAg was detected using a WHsAg-specific enzyme-linked immunosorbent assay 

(ELISA) developed in this laboratory. First, a 96-well flat bottom plate (Linbro/Titertek~ ICN 

Biotnedicals, Aurora, OH) was coated with anti-WHs antibodies at 1 ~g protein in 50 ~L 

PBS per well, incubated at 4°C overnight, and washed three times. Non-specific binding was 
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blocked by adding 300 IJ.L of0.25% Tween-20 (Sigma Chemical Co., St. Louis, MO) in PBS 

(blocking buffer) and incubating AT for 1 h. After washing, 50 IJ.L of test serum, or the 

appropriate controls, was added to the wells and incubated for 1 hat AT. Then, 50 IJ.L of the 

secondary antibody, mouse anti-WHpre-S2, was added (diluted 1: 1000 in blocking buffer) 

and incubated for 1 hAT. For detection, an alkaline phosphatase (AP)-conjugated goat anti

mouse antibody was added (diluted 1:1000 in blocking buffer) and incubated for 1 hAT. 

After washing_, the assay was developed by adding 50 IJ.L soluble alkaline phosphate substrate 

(p-nitrophenyl phosphate~ Sigma Chemical Co.) The reactions were terminated after 30 min 

by addition of 50 IJ.L of 0.1 M EDT A. Absorbance was read at 400 nm (A400) using a 

microplate reader (BioRad Laboratories, Hercules, CA). Sera from healthy animals were 

used as negative controls. Positive controls included sera from WHsAg-positive woodchucks 

chronically infected with WHY. Specimens that gave a value equal to or above 2 . I 

(determined by dividing A400 sample by the negative control mean [NCx]) were considered 

WHsAg reactive. 

Alternatively, we used a cross-reactive AUSRIA-II kit for detection of HBsAg 

(Abbott Laboratories, N. Chicago, IL ) . Serum or plasma samples were tested directly for 

WHsAg following the tnanufacturer' s recotnmended procedure. Briefly, 200 IJ.L of each 

sample test and control sample were incubated for 16 h at AT with beads coated with anti

fiBs. After washing, the beads were incubated for 1 hat 45°C with 200 IJ.L 1251-labeled anti

fiBs. Bound radioactivity was counted in a gamma counter. Specimens giving counts per 

tninute (cpm) equal to or greater than the cutoff value (determined by multiplying the NC x 
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count by a factor of2.1) were considered WHsAg reactive. Based on detection of purified 

WHsAg, the assay sensitivity was estitnated to be 3.25 ng protein/mL (Michalak et al., 1989). 

2.3.2 Detection of antibodies to WHsAg (anti-WHs) 

Anti-WHs antibodies were measured using a cross-reactive ELISA (AUSAB EIA~ 

Abbott Laboratories) detecting anti-HBs. The cross reactivity of this assay allowing detection 

of anti-WHs was established previously (Michalak et al., 1989 and 1990). Briefly, 

polystyrene beads coated with HBsAg were incubated overnight with 200 IJ.L of either test 

woodchuck serum or plasma, or samples of the appropriate positive and negative control sera 

supplied by the manufacturer~ as well as anti-WHs positive and negative woodchuck sera. 

Unbound material was removed by washing with water and the beads were incubated with 

200 IJ.L of a mixture ofHBsAg tagged with biotin and then with rabbit anti-biotin conjugated 

with horseradish peroxidase (HRPO) for 2 h at 40°C. Next, the beads were washed to 

remove unbound conjugates, transferred to fresh tubes, and incubated with 3 00 IJ.L of freshly 

prepared a-phenylenediamine solution containing hydrogen peroxide. After incubation at AT 

for 30 min, the beads were transferred to fresh tubes and the enzyme reaction was stopped 

by addition of 1 mL of 1 N H2S04 . The colour intensity was measured at 492 nm using a 

Quantum II dual-wavelength analyser (Abbott Laboratories). The presence or absence of 

anti-WHs reactivity was calculated automatically by cotnparing the absorbance values of the 

sample tested to the cutoff value (NC x + 0.05). Samples with absorbance values greater than 

or equal to the cutoff value were considered positive. 
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2.3.3 Detection of antibodies to WHcAg (anti-WHc) 

Anti-WHc was detected using a specific competition ELISA developed previously in 

this laboratory (Michalak eta/, 1999). This assay is based on a principle that any anti-WHc 

present in the test sample competes with HRPO-Iabeled anti-WHc for binding to immobilized 

WHcAg. To this end, a 96-well, flat-bottom plate (Linbro/Titertek~ ICN Biomedicals) was 

coated with woodchuck anti-WHc antibodies at 1 f..Lg protein in 50 f..LL of PBS per well, 

incubated at 4°C overnight, and washed three times. Nonspecific binding was blocked as 

above (Section 2.3 .1) by adding blocking buffer and incubating at AT for 2 h. After washing, 

the plate was directly used or stored at -20°C. Before the assay, the plate was thawed and 

the wells washed briefly with PBS. To each well, 0.5 f..Lg ofWHcAg in 50 f..LL of blocking 

buffer was added and the plate was incubated at AT for 2 h in a humid chamber. The plate 

was then washed 4 times with PBS, blotted dry, and 20 f..LL of blocking buffer, 5 f..LL of the 

test serum satnple, or the appropriate controls, and 25 f..LL of anti-WHc labeled with HRPO 

(diluted 1:2,500 in blocking buffer) was added to each well. After a 2-h incubation, the wells 

were washed 3 times with PBS, and 50 f..LL of freshly prepared 3,3',5,5'-tetramethylbenzidine 

(TMB) substrate (BioRad Laboratories) was added to each well. The reaction was stopped 

after 30 min by addition of 50 f..LL of IN H2S04. The A450 was determined using a tnicroplate 

reader (BioRad Laboratories). Sera from healthy animals were used as negative controls. 

Positive controls included sera from WHsAg-positive woodchucks chronically infected with 

WHY. The degree to which the test sample inhibited the binding ofHRPO-labeled anti-WHc 

was calculated as follows: percent inhibition = 100 - (test sample optical density (OD) -:-
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negative control OD x 1 00). The assay results were accepted when the positive controls 

inhibited >95% of the HRPO-anti-WHc binding to WHcAg and the negative controls gave 

no inhibition. Samples that produced >50% inhibition were considered positive for anti

WHc. 

2.4 DEPLETION OF VIRIONS AND VIRAL DNA FROM CELL SURFACE 

In order to ensure that analysed WHY DNA originated exclusively from cells but not 

frotn virions or free DNA fragtnents potentially attached to the surface, cells were subjected 

to litnited enzytnatic treatment and extensive washing. Under standard conditions, cells, 

either freshly isolated or recovered from liquid nitrogen by thawing on ice, were washed twice 

with PBS-EDT A by ·centrifugation at 330 x g for 5 min. The resulting cell pellet was 

resuspended in 900 ~L of sterile PBS . Then, the cells were supplemented with 100 ~L of 10 

X DNase buffer (500 mM MgCI2 in 100 mM Tris-HCI buffer, pH 8.0 ) and 10 ~L of 1 

tng!tnL DNase I (type IV from bovine pancreas~ activity, 2 U/~g; Sigma Chemical Co., St. 

Louis, MO) and incubated for 30 min at 37°C. After DNase digestion, 10 ~L of0.1 M CaC12 

and 10 ~L of 10 tng/mL trypsin (type IX from bovine pancreas~ activity, 7.3 U/~g~ Sigtna 

Chemical Co.) were added and cells incubated on ice for 30 tnin. Subsequently, 20 ~L of 10 

tng/mL trypsin inhibitor (type II-0 from chicken egg white; Sigma Chemical Co.) was added 

and cells briefly mixed at room tetnperature. In the next step, DNase digestion was repeated 

by adding 10 ~L of 1 tng!tnL DNase and using conditions described above. The treated cells 

were washed twice with PBS-EDT A and counted after trypan blue staining. After treatment, 
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the cells were used directly for nucleic acid isolation or aliquoted as outlined in Section 2.2.3 

in 1 Oo/o DMSO in FCS and frozen in liquid nitrogen for long-term storage. 

2.5 ISOLATION OF WHV DNA AND RNA 

2.5.1 Isolation of cellular DNA 

For DNA isolation, 100 mg tissue fragments were homogenized in 100 ~L ofHank' s 

balanced salt solution (HBSS) or 100 ~L of serum, plastna, or culture supernatants was 

cotnbined with 200 ~L of DNA lysis buffer (10 tnM Tris-HCl, pH 8.0, with 10 mM NaCI, I 

mM EDT A, and 0. 5o/o sodium dodecyl sulfate [SDS] containing 200 ~g proteinase K 

(Invitrogen, Carlsberg, CA). The samples were incubated overnight in a 42°C shaking 

incubator, then extracted two times with equal volumes ofTris-HCl-buffered phenol followed 

by chloroform/isoamyl alcohol (24: 1) following a standard procedure (Strauss, 1997). DNA 

was precipitated from the aqueous phase with one-tenth volume of3 M sodium acetate and 

2 .5 volumes of absolute ethanol (Sigtna Chetnical Co.) for 12 h at -20°C. Mter 

centrifugation, the resultant pellet was washed with 70o/o ethanol. The DNA was resuspended 

in sterile water to an approximate final concentration of 0.5 ~g/~L or 5-10 ~L serutn 

equivalent/~L. 

2.5.2 RNA isolation 

Total RNA was isolated frotn tissue and cells using TRizol reagent (Invitrogen), 

according to the manufacturer' s instructions. Briefly, tissues or cells were pulverized in liquid 
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nitrogen, hotnogenized in 1 mL ofTRizol reagent and mixed for 5-30 min. After the addition 

of 200 J..LL chloroform, the tubes were shaken vigorously for 15 seconds (sec) and then 

centrifuged at 12,000 x g for 15 min at 4°C. RNA was precipitated from the aqueous upper 

phase with 500 J..LL of isopropanol (Sigma Chemical Co.) for 10 min at AT and collected by 

centrifugation at 12,000 x g for 10 min at 4°C. The RNA pellet was washed in 1 mL of 

RNase-free 75% ethanol. The final RNA pellet was briefly air-dried and resuspended in 

RNase-free water. RNA was quantitated (Section 2.5.3) and used immediately for reverse 

transcription reaction (Section 2.6) or stored at -70°C. 

2.5.3 Quantitation of nucleic acids 

DNA, RNA and synthetic oligonucleotide primers or probes used in this study were 

quantitated based on the ultraviolet (UV) absorbance at 260 nm using a DU 530 

spectrophotometer (Becktnan Instruments, Inc., Fullerton, CA). DNA and oligonucleotides 

were read after suspension in sterile water or TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) 

buffer, respectively, whereas RNA was diluted in 0.1% diethyl pyrocarbonate (DEPC) in 

water to minimize degradation by RNases. The concentration of RNA was calculated 

assuming an OD of 1 corresponds to 40 mg RNNmL (Strauss, 1997), giving the formula: 

RNA (mg/mL) = (00260 nm - OD320 nm) x dilution factor x 40 tng/mL. DNA 

concentrations were determined as above except that an OD of 1 corresponds to 50 mg 

DNA!tnL (Strauss, 1989). The concentration of oligonucleotides was determined using the 

specific rnass per 00 obtained in the certificate of analysis frotn the manufacturer (Invitrogen 
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or IDT Technologies, Coralville, lA). The purity of the nucleic acid preparations were 

determined using the 260:280 nm absorbance ratio. Only RNA with a 260:280 nm ratio of 

greater than 1.8 and DNA greater than 1.6 were used. 

2.6 REVERSE TRANSCRIPTION REACTION 

The reverse transcription (RT) reaction was used to convert RNA to single stranded 

eDNA. The reaction reagents and their concentrations were as follows: 2-8 ~g of total 

RNA, 20 U RNasin (Protnega Biosciences Inc., Madison, WI), IX reaction buffer (50 mM 

Tris-HCl buffer, pH 8.3, with 75 mM KCl and 3 mM MgC12), 10 mM dithiothreitol, 1 mM of 

each deoxynucleotide triphosphate (dNTP, Invitrogen), 200 units (U) of Moloney murine 

leukemia virus reverse transcriptase (MML V-RT~ Invitrogen), and 100 ng ofrandotn pritners 

in a total reaction volutne of 40 ~L. The reaction was incubated at 3 7°C for 1 h. After this 

incubation, the sample was heated to 95°C for 5 min to inactivate remaining enzymes and then 

chilled on ice before PCR amplification (Section 2. 7). 

2. 7 POLYMERASE CHAIN REACTION (PCR) 

2.7.1 Standard PCR conditions for WHV DNA detection 

Routinely, three sets of primers (Figure 2.1) specific for non-overlapping regions of 

WHY genotne, i.e., C, S and X genes, were used for the detection of virus DNA by direct 

PCR. For the first round of PCR amplification, the direct primer pairs were used. To 

enhance sensitivity of DNA detection, three other primers pairs, internal to the those 



Figure 2.1 WHV gene-specific PCR oligonucleotide primers used in the study and the 

sizes of resulting amplicons. Primers location and direction (sense, +: antisense, -) are 

shown. The positions of the primers and the size of the amplicons generated are indicated in 

the table. All primer positions refer to the WHY sequence published by Kodama eta/. ( 1985) 

( GeneBank accession number M 11 082), except for those indicated by an asterisk, which are 

numbered according to Galibert eta/. ( 1993) (GenBank accession number 102442). 
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mentioned above, were applied for nested PCR. The sequences of these oligonucleotide 

primers and their location in the WHY genome have been previously reported (Coffin and 

Michalak, 1999~ Michalak eta/., 1999). 

In general, direct PCR detection ofWHV utilized 1-4 J..Lg of total genomic DNA as 

template. The PCR reaction conditions consisted of 1 X reaction buffer comprising 1. 5 mM 

MgC12 with 50 mM KCl in 20 mM Tris-HCl buffer (pH 8.4) and 2.5 U of Taq DNA 

polymerase, 200 J..LM of each dNTP (all frotn Invitrogen), 300 ng of each oligonucleotide 

pritner in a 100 J..LL total volume. The reaction mixture was overlaid with 1 00 J..LL of mineral 

oil (Sigma Chetnical Co.) to prevent evaporation. DNA atnplification proceeded in a 

progratnmable thennal cycler (TwinBlock System; Ericotnp Inc., San Diego, CA) using the 

following program: 94°C for 5 min as the first step, then 94°C for 30 sec, 52°C for 30 sec, 

and 72°C for 30 sec for 30 cycles. A final extension step was performed at 72°C for 15 min. 

For each thermocycling reaction, rWHV DNA, containing the complete virus genome 

sequence, and DNA from liver, serum, or PBMC from a WHsAg-positive chronically infected 

animal were used as positive controls (Coffin and Michalak, 1999; Lew and Michalak, 2001 ). 

In addition, both a water and a mock sample, containing all reagents used during the DNA 

extraction and PCR were included as negative controls. For nested PCR, 10 J..LL of the direct 

PCR mixture was re-amplified under the same conditions as the direct reaction. PCR 

atnplifications were performed under conditions limiting the possibility of contamination, as 

outlined in detail in previous studies (Coffin and Michalak, 1999~ Michalak et al., 1999 ~ Lew 

and Michalak, 2001 ). 
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2.7.2 Detection ofWHV cccDNA 

As outlined in Section 1.1.3, the hepadnavirus replication strategy is unique among 

DNA viruses. The genome is composed of a partially double-stranded DNA molecule, 

rcDNA. Before replication can be initiated, the rcDNA must be repaired by host DNA 

polymerases and ligases to form cccDNA. Therefore, the detection of cccDNA, since it 

indicates the first step in viral replication, is used as the specific marker to monitor virus 

replication activity (Tuttleman et al., 1996). 

2.7.2.1 Mung bean nuclease digestion 

To exclude the possibility of detecting the partially double-stranded WHY rcDN A 

when testing for the presence ofWHY cccDNA, digestion of test DNA with a single-strand 

specific enzyme, mung bean nuclease, which cleaves single-stranded DNA at the 3'-end of 

adenine and thymidine (Kowalski et al., 1976), was performed. Employtnent of this 

enzymatic treatment differentiates between rcWHY DNA and cccDNA, by eliminating single 

stranded regions ofrcDNA leaving the cccDNA intact. 

Principles of this technique have been described for HBY cccDNA by others 

(Tuttleman et al. , 1986~ Wu et al., 1990) and adapted for WHY cccDNA in our laboratory 

(Lew and Michalak, 2001 ). Approxitnately 2-10 J..Lg of extracted DNA or 200 pg of rWHV 

DNA, that was either denatured by boiling (as a negative control) or was left intact (as a 

positive control), was tnixed with 2 ~L of 10 X tnung bean digestion buffer (New England 
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Biolabs Inc., Beverly, MA), 1 U/J..Lg of mung bean nuclease (New England Biolabs Inc.), and 

supplemented with sterile water to a total reaction volume of20 J..LL. This reaction proceeded 

at 30°C for 30 min and was terminated by precipitation of the nucleic acid with 50 J..LL 1 OOo/o 

ethanol in the presence of 5 J..LL 3 M sodium acetate at -20°C for 12 h. The DNA was 

recovered by centrifugation, resuspended in 20 J..LL, and used for PCR amplification with 

WHY cccDNA specific primers. 

2. 7 .2.2 Priiners and cycling paratneters 

All PCR primer and cycling parameters specific for WHY cccDNA (i.e., spanning the 

nick region of the WHY genorne) were similar to those used in our other studies (e.g., Lew 

and Michalak, 2001 ). Two pairs of primers that spanned the nick region of the genome were 

used for direct and nested amplification rounds. For the direct amplification, primers PGAP 1 

(TGGTGTGTCTGTGTTTGCTGACGC; position : 1298-1322) and MCOR 

(CCGGAAGAGTCGAGAGAATGGGTGC; position: 2453-2429) were used (Figure 2.1). 

lf cccDNA was not detected after initial direct amplification, a 10 J..LL aliquot of the direct 

PCR product was amplified in a nested reaction using the primers XINT 

(CTTCGCTTCGCCCTGAGACGAGT~ position : 1630-1653) and CCCV 

(GTCCCCAGGTGTCAGTGACA~ position: 2303-2284). All numbers denote nucleotide 

positions in the WHY genome sequence based on Galibert eta/., 1993 ( GenBank accession 

nutnber J02442). 

The mung bean nuclease-digested DNA (see Section 2.7.2.1) or a 10 J..LL aliquot of 
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the direct PCR product was added to a 1 00-~L total reaction volume that was composed of 

1.5 mM MgC12, 200 lJ.mol of each dNTP, 300 ng of each primer, 50 mM KCl in 20 mM Tris

HCl buffer (pH 8.4) and 2.5 U Taq DNA polymerase (all from Invitrogen). The cycling 

parameters were as follows : 1 cycle of 95°C for 5 min, 52°C for 2 min, 72°C for 3 min, 

followed by 40 cycles of 95°C for 1 min, 52°C for 1 min, 72°C for 1 min, followed by a final 

extension of the generated PCR products by incubation at 72°C for 15 min. Mock and water 

as tetnplates in the reaction, in addition to the controls tnentioned above, were routinely 

included as negative controls, as outlined in Section 2. 7. I. 

2. 7.3 PCR conditions for full-length WHV genome amplification 

In order to construct WHV replicons containing whole virus sequences, the cotnplete 

WHY genome was amplified in one intact piece. For this purpose, primers were designed to 

contain the .Sap I restriction enzyme site. Introduction of this site to the WHV -specific 

primers was extremely useful since it does not exist in the WHV genome and has non

palindromic sticky ends (Gunther eta/., 1995). Consequently, this allowed for cloning of the 

amplified WHY sequence, providing at the same time, for sequence excision from a vector. 

Subsequent re-ligation of the introduced S'apl sticky ends should facilitate the production of 

WHY replicons (see Chapter 6). 

For the complete WHY DNA amplification, a back-to-back pair of primers with 

incorporated the restriction site for Sapi were designed using pritner design software 

(OMIGA). Pritners FGM2 (gctcttcATTT ATGCCT ACAGCCTCC: position: 1907-1892) and 
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FGP2 (gctcttcT AAA TGCA TGCGACTTCCG; position: 1908-1925), with the Sap I site 

sequences, indicated in lower case, were synthesized (Figure 2.1 ) . All numbers denote 

nucleotide positions in the WHY genome sequence reported by Kodama et a/., 1985 

(GenBank accession no. Ml1082). 

Since the WHY genome is over 3.3 kb, extended PCR conditions were employed to 

ensure full genotne amplification. Since this program was very long (over 6 h), an increased 

amount of Taq DNA polymerase was also required. Thus, 2-4 J...Lg of total DNA, or DNA 

from a 1 00-J...LL serutn equivalent was added to a reaction volume composed of I . 5 tnM 

MgC12, 200 J...Lmol of each dNTP, 300 ng of each pritner, 50 mM KCl in 20 tnM Tris-HCI 

buffer (pH 8.4) and 5 U Taq DNA polymerase (all from Invitrogen). The initial incubation 

consisted of 95°C for 5 min, 52°C for 2 tnin, 72°C for 3 min, followed by 10 cycles of 95°C 

for 40 sec, 52°C for 1 min 30 sec, 72°C for 3 min. Then, 10 cycles, each at 95°C for 40 sec, 

52°C for 1 min 30 sec, and 72°C for 5 min, were performed. An additional 10 cycles, each 

performed at 95°C for 40 sec, 52°C for 1 min 30 sec, 72°C for 7 min was followed by a final 

extension at 72°C for 15 min. Mock and water instead of DNA were routinely included as 

negative controls, as outlined in Section 2. 7 .1. If the results of first-round PCR were 

negative, sub-genomic fragments were amplified from the direct PCR amplified products 

using standard C, S, and X gene-specific primers (see Section 2.7.1). 
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2.8 REAL-TIME PCR 

2.8.1 Detection of WHV C gene fragtnent 

Real time PCR using the Roche Light-Cycler (Roche Diagnostics, Mannheim, 

Germany) was employed to quantify WHY genome presence in selected woodchuck samples. 

For this purpose, primers specific for the C gene sequence named FWHc 

( CTTTCCTGATCTT AA TGCT: position 2089-21 07) and R WHc 

(AGTCGAGAGAATGGGTG: position 2430-2446) were designed (Figure 2.1). 

Hybridization probes labelled with fluorescein isothiocyanate (FITC) or LC 640 Red were 

used to detect a1nplified products through fluorescent resonance energy transfer (FRET). The 

WHc-FITC conjugated probe (TGGACACTGCT ACTGCCTTG: position 2112-2131) 

catalyzed the fluorescent etnission of WHc-LC 640 Red conjugated probe 

(TGAAGAAAAGCTAACAGGTAGGGAAC: position 2133-2160) when annealed to the 

amplified WHY core 358-base pair (bp) sequence amplified with FWHc and RWHc primers. 

Pritners and probes were produced by Synthegen, LLC (Houston, TX) and used at a 

concentration of 0 .5 ~M and 0.2 ~M., respectively. A reaction mixture contained 4 rnM 

MgCl2 and components of the FastStart DNA Master Hybridization Probes Kit (Roche 

Diagnostics). 

The progratn parameters used for this atnplification were initiated by Taq DNA 

polymerase activation at 95°C for I 0 min. This was followed by 55 cycles performed at 95°C 

for I 0 sec, 49°C for I 0 sec, and 72°C for I3 sec. The melting curve of hybridization probes 

was generated by incubation at 3 soc for 10 sec., and then slow heating to 95°C by increasing 
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the temperature by 0.2°C/sec. The sensitivity of this assay was 10 vge/mL, as determined by 

the amplification of 1 0-fold dilutions of complete rWHV DNA amplified in parallel with the 

test samples. After the reaction was completed, samples were collected and analysed by 

ethidium bromide (EB)-agarose gel electrophoresis (Section 2.9.1) to ensure validity of 

controls and to confirm the size of the amplified product. Sequence specificity of the 

products was ascertained by Southern blot hybridization analysis (Section 2. 9.2). 

2.9 DETECTION OF WHV DNA 

2.9.1 Agarose gel electrophoresis 

To detect PCR products, an 18-J..LL reaction aliquot (Section 2. 7) was supplemented 

with 2 J..LL of DNA loading dye ( 1 Oo/o Ficoll-400, 0.25o/o bromophenol blue, 0.25o/o xylene 

cyanol FF, 50 tnM EDTA, 10 mM Tris-HCl buffer~ (all from Sigma Chemical Co.) . The 

tnixture was pi petted into the wells of a 1 o/o agarose gel (Invitrogen). The gel was made with 

1 X TAE buffer (40 mM Tris-HCl buffer, pH 8.0., 1 mM EDTA,) containing 0.5 ng/mL of 

EB. Molecular tnarkers ( 100 bp ladder or 1 kb ladder~ Invitrogen) were run in parallel with 

test samples to detennine size of amplified products. After electrophoresis at 100 V for 50 

tnin, the DNA bands were visualized under a UV light and the image was recorded using a 

low-light imaging systetn (ChemiGenius 2, Syngene~ Frederick, MD). 



2.9.2 Southern blot hybridization analysis 

2.9.2.1 DNA transfer to nylon membrane 
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To confirm the specificity ofDNA products, validity of negative and positive controls~ 

and plasmid preparations, or to semi-quantify PCR amplified DNA, Southern blot 

hybridization, using 32P-labeled cloned rWHV DNA or synthetic oligonucleotide probes, was 

performed. Thus, the agarose gel containing the PCR or restriction enzyme digestion 

products were denatured with 1.5 M NaCl with 0.5 M NaOH for 30 min. The DNA was then 

neutralized with two changes of 1.5 M NaCl in 1M Tris-HCl buffer (pH 8.0) for 30 min each. 

Blotting of DNA from the gel to the nylon membrane (Amersham Biosciences, Uppsala, 

Sweden) was performed using downward capillary transfer. After completion of transfer ( 12-

16 h), the men1brane was .baked at 80°C in a vacuum oven for 2 h. 

2.9.2.2 Random prime labeling and purification of recombinant DNA probes 

Complete rWHV DNA used in this study as a probe was excised from the plasmid 

vector using digestion with the restriction enzyme EcoRI. For this purpose, 10 J..Lg of the 

recombinant plasmid DNA was incubated with 100 U ofEcaRI, 1 X REACT 3 buffer (both 

from Invitrogen), and 50 U DNase-free-RNase (Boehringer Mannheim, Quebec, Canada) for 

2 h at 37°C. After digestion, the DNA insert was separated from the plasmid by 

electrophoresis at 50 V in a 1% low-melting point agarose gel (Invitrogen) made with 1 X 

T AE containing EB. The band containing the DNA of interest was excised from the gel and 

purified using the Wizard PCR Prep DNA Purification System (Promega Biosciences). 
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To prepare the WHY DNA probe, a random primed DNA labeling system (Rediprime~ 

Amersham Biosciences) using 32P-dCTP ( Amersham Biosciences) was employed. Briefly, 25 

ng ofthe recombinant WHY DNA in 45 J..LL ofTE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) 

buffer was boiled for 5 min and then chilled on ice for 2 min. The denatured DNA and 5 J..LL 

of 32P-dCTP was added to a reaction tube containing lyophilized dATP, dGTP, dTTP, 

Klenow enzyme, and 9-mer random primers. 

The 32P-labeled recombinant DNA and oligonucleotide probes were separated frorn 

unincorporated 32P-dCTP by fractionation on Sephadex G-50 NICK columns (Pharmacia 

Biotech), as per the manufacturer's instruction. Briefly, the column was initially washed with 

TE buffer, the probe mixture was applied onto the column and then eluted with 400 J..LL ofTE 

buffer. The first eluate was discarded and 450 J..LL of new TE buffer was applied to the 

column. The recovered fraction containing the labeled probe was stored at 4°C. The 

radioactive incorporation of 32P-dCTP in the probe ( cprniJ..LL) was determined using a 

scintillation counter to determine the volume of probe required for 6 x 106 cpm per 

hybridization reaction (Section 2.9.2.3). 

2.9.2.3 Southern blot hybridization 

Membrane DNA blots to be hybridized with radiolabeled rWHY DNA or 

oligonucleotide probe were placed in a sealed glass tube with 6 rnL of hybridization buffer 

containing 100 J..Lg/mL sonicated salmon sperm (sss) DNA (Sigma Chemical Co.), 5 mL 6 X 

SSC (standard saline citrate), 0.5 mL 50 XDendhardt' s solution, and 0 .5 mL 10% SDS. The 
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metnbrane was prehybridized at 65°C in a rotary hybridization oven for 1 h. After 

prehybridization, 6 x 106 cpm of heat-denatured radio labeled WHY DNA or oligonucleotide 

probe was added and the blot was hybridized overnight at 65°C in a rotary hybridization oven. 

For hybridization with oligonucleotide probes, the nylon membranes were 

prehybridized at 42°C in a hybridization oven for 1 h with 6 mL of hybridization buffer (as 

above), but without sssDNA. The blot was then incubated for 16 hat 42°C with 6 x 106 cpm 

of a 32P-end-labeled oligonucleotide probe (Section 2.1 0.3 ) . 

After hybridization, blots were washed twice in 2 X SSC with 0.1 o/o SDS for 10 tnin 

at AT followed by two washes with 0.2 X SSC with 0.1 o/o SDS for 10 min each at the proper 

hybridization temperature, depending on the probe used. The membranes were then covered 

in plastic wrap and exposed to a multipurpose Phosphor screen or exposed to X-ray film 

(MRP-1 ~ Eastman Kodak Co., Rochester, NY) at -70°C in autoradiography cassettes with 

intensifying screens. 

2.9.2.4 Quantification of Southern blot hybridization signals by densitometry 

In order to determine the relative amount of WHY DNA in test samples, hybridized 

Southern blots that were exposed to Phosphor screens were analyzed using the Cyclone 

system (Canberra Packard Ltd., Montreal, Quebec). The relative intensity of signals derived 

from serial 1 0-fold rWHY DNA dilutions were used to generate a standard curve. These 

dilutions were atnplified in parallel with test samples and analysed by Southern blotting, frotn 

which the quantity of WHY DNA was estimated through densitotnetric analysis of 
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hybridization signals. 

Alternatively, in some cases, the film image of the radioactive signal emitted by the 

hybridized probe was quantified using the Gene Tools software on the ChemiGenius-2 

Bioimaging system (both from Syngene). As above, the density of signals from WHY DNA 

standard dilutions was used as a reference to approximate the content ofWHV DNA. 

2.10 WHV DNA CLONING 

2.10.1 Purification of PCR products 

PCR products destined for cloning were either used directly or after purification using 

the Wizard PCR preps DNA purification system (Promega Biosciences). Thus, after 

electrophoresis on a 1 o/o low-melting point agarose gel, the band containing the PCR product 

of interest was excised, placed in a 1.5-mL Eppendorftube and melted at 72°C. Purification 

resin was added to the tube, mixed briefly, and filtered under vacuum through a Wizard 

mini column, as per the manufacturer's instructions. The column was washed twice with 80o/o 

isopropanol, dried under vacuum for 30 sec, and then centrifuged at 12,000 x g for 2 min. 

Any residual isopropanol collected by centrifugation was discarded. TE buffer (50 ~L) was 

heated to 65 oc and applied onto to the column. After incubation for 5 min, the column was 

centrifuged at 12,000 x g for 20 sec. The eluate contained the purified DNA. The DNA 

concentration was determined by spectrophotometric analysis as described above (Section 

2. 5.3). 
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2.10.2 TA cloning of DNA fragments 

Small DNA fragments (less than 1.5 kb) amplified by PCR were cloned using the 

TOPO T A Cloning Kit (Invitrogen), while larger DNA fragments were cloned using the 

TOPO XL Cloning Kit (Invitrogen). The final cloning mixture contained 25 ng of PCR 

product, 1 X ligation buffer, 50 ng of linearized plasmid (pCRII in TOPO T A kit or pCRXL 

in TOPO XL kit) and 4 U T4 DNA ligase in a total volume of 10 J..LL. The reaction proceeded 

at AT for 5 min. After incubation, 2 J..LL of the reaction mixture was added to 50 J..LL ofTOP-

1 0 bacterial cells (Invitrogen). The mixture was chilled for 30 min on ice, heat shocked for 

30 sec at 42°C, and placed on ice for 2 min. Subsequently, 250 J..LL of SOC medium, 

containing 2o/o tryptone, 0. 5% yeast extract, 10 mM NaCl, 2. 5 mM KCl, 10 mM MgC12, 10 

mM MgS04, and 20 mM glucose (Invitrogen) was added and the bacteria was incubated at 

3 7°C for 1 h in a rotary shaker at 250 revolutions per minute (rpm). 

2.1 0.3 Growth and storage of vector-transfected bacteria 

A 1 00-J..LL aliquot of each transformation reaction mixture was spread onto 1. 5% 

Bacto-Agar (Difco Laboratories, Detroit, Ml) coated with 40 J..LL ofX-Gal (Sigma Chemical 

Co.) in 1 0-cm Petri dishes. The dishes were incubated at 3 7°C for 16 h. Single bacterial 

colonies were collected and inoculated into 5 mL of Luria-Bert ani (LB) medium ( 1. Oo/o 

tryptone, 0 .5% yeast extract, 1.0% NaCI, pH 7.0) supplemented with 50 J..Lg/mL kanamycin 

(Sigtna Chetnical Co.). Bacteria were grown overnight at 37°C rotating at 250 rpm. Once 

the colonies were shown to contain the insert of interest, 50% glycerol stocks of bacteria 
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culture were cryopreserved at -80°C for long-term storage. 

2.10.4 Mini-scale preparations of plasmid DNA 

For preparation of small amounts of plasmid DNA, a 1.5-mL aliquot of transformed 

bacterial cells that were grown overnight to saturation were pelleted at 20,000 xgfor 20 sec. 

The cells were resuspended in 100 iJ.L of glucose in Tris-EDT A (GTE: 50 mM glucose, 25 

tnM Tris-HCl buffer, pH 8.0, and l 0 mM EDT A) and left for 5 min at room temperature. 

The bacteria were lysed with 200 iJ.L of freshly prepared 0.2 N NaOH/1% SDS solution and 

ice chilled for 5 min. To neutralize the mixture and to remove chromosomal DNA and 

proteins, 250 f..LL of 3 M potassium acetate (pH 5. 5) was added to the tube, vortexed for 2 

sec, and the tnixture ice chilled for 5 min. The preparation was centrifuged at 20., 000 x g for 

3 min to pellet cell debris and chromosomal DNA. After centrifugation, the supernatant was 

transferred to an Eppendorftube and the plasmid DNA was precipitated with 1 mL of l 00% 

ethanol for 2 min at AT. DNA was pelleted by centrifugation at 15,000 xgfor 5 min. The 

pellet was washed with 1 mL of 70% ethanol, air dried and resuspended in 30 tJ.L of TE 

buffer. Mini-scale preparations were analyzed for the presence of the proper DNA inserts by 

electrophoresis in EB-agarose gel, after appropriate restriction enzyme digestion of the 

plasmid DNA. 

2.10.5 Maxi-scale preparations of plasmid DNA 

A 50 iJ.L bacterial aliquot containing the proper plasmid insert, as judged by analysis 
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of minipreps (Section 2.10.4), was grown to saturation in 250 mL of LB medium 

supplemented with 50 J..LglmL of the appropriate antibiotic (kanamycin or ampicillin) . The 

plasmid DNA was isolated using the components of the Hi-Speed Plasmid Purification Kit 

(Qiagen Inc., Mississaugua, Ontario), as per the manufacturer' s instruction. Briefly, the 

bacteria was collected by centrifugation at 6, 000 x g for 15 min at 4 °C . The pellet was 

resuspended in 10 mL ofBuffer Pl . Bacteria were lysed by addition of 10 mL of Buffer P2 

and by gentle mixing of the solution gently to avoid shearing of DNA. The viscous mixture 

was supplemented with 10 mL of Buffer P3 and mixed immediately. Then, the mixture was 

passed through a QIAfilter cartridge that was equilibriated with Buffer QBT prior to use. The 

cleared lysate was allowed to pass through the resin, and was washed. Nucleic acid was 

eluted by the addition of 15 mL of Buffer QF and, after washing, the eluate was collected. 

Isopropanol was used to precipitate and recover the DNA, which was then collected by the 

QIA precipitator, as per the manufacturer' s instruction. The final elution of DNA was carried 

out by incubation with 0.5 mL of TE buffer. The fragment of interest was analyzed by 

electrophoresis in EB-agarose gel. 

2.11 WHV DNA SEQUENCING 

2.11.1 Sequencing primer labeling with T4 kinase 

Plus-strand WHY DNA genome pritners (Figure 2.1) selected for use in sequencing 

reactions were radiolabeled using [y-32P]-labeled ATP, using the Fn1ol DNA sequencing 

system (Pro mega Biosciences) following the manufacturer ' s instructions. For the labeling, 
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10 pmol of primer was resuspended in a 10-~L volume containing 3.0 ~L of3000 Ci/mmol 

[y-32P] ATP (Amersham Biosciences), 1 ~L ofT4 polynucleotide kinase 10 X buffer, and 5 

U T 4 polynucleotide kinase. After incubation for 10 min at 3 7°C, it was inactivated by 

heating to 95°C for 2 min. The labelled primers were used immediately in the sequencing 

reaction (Section 2.11 .2) or stored at -20 oc until required. 

2.11.2 DNA fragn1ent generation by PCR atnplification 

Nucleotide sequence analysis was performed using the Fn1ol DNA cycle sequencing 

systetn (Promega Biosciences.). Briefly, a cocktail containing approxitnately 40 fmol ofPCR 

product or recombinant plasmid DNA, 1. 5 pmol of sequencing primer end-labeled with 32P

ATP (Amersham Biosciences) (Section 2.11 .1), 2 mM ofMgC12 in 50 mM Tris-HCl buffer, 

pH 9.0 (supplied as a 5 X buffer), and 5 U sequencing grade Taq DNA polymerase (Promega 

Corp.) was prepared. The cocktail was divided equally into of 4 tubes, each containing 2 ~L 

of either the G, A, Tor C terminating dideoxy nucleotide mixture. Cycle sequencing was 

performed using the following program: 95°C for 2 min, then 30 cycles consisting of 95°C 

for 30 sec, 42°C for 30 sec, and 70°C for 1 min. Upon completion, 3 ~L offormamide stop 

solution was added to each tube and the tube was kept on ice until electrophoresis in a 

sequencing polyacrylatnide gel (PAGE), as per manufacturer' s instruction. 

2.11.3 Gel electrophoresis and analysis of amplified products 

Before electrophoresis, each satnple was heat-denatured for 2 min at 70°C, then 
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chilled on ice. The DNA samples were separated at 50 V on an 8% denaturing 

polyacrylamide gel containing 7 M urea (Invitrogen). After electrophoresis at 50°C (as 

monitored with a thermal probe)in TBE (90 mM Tris 90 mM borate 2 mM EDT A, pH 8.0) 

buffer, the gel was fixed in a 7.5o/o methanol, 7.5% acetic acid solution and dried at 80°C in 

a slab gel dryer. Subsequently, the gel was exposed briefly to a multipurpose storage 

Phosphor screen and the image analyzed using the Cyclone system (Canberra Packard) or to 

X-ray film (Kodak) overnight. 

Alternatively, the complete sequences ofWHV DNA were obtained by fluorescence

based automated DNA sequence analysis (LI-COR~ LiCor Inc., Lincoln, NB). This service 

was provided by the Department of Genetics, Hospital for Sick Children or the York 

University Core Facility (both in Toronto, Ontario). 

To search for sequence variation or to confirm the identity of nucleotide sequences, 

comparison with published sequences in GenBank library (National Centre for Biotechnology 

lnfonnation, National Library ofMedicine, National Institute ofHealth, Bethesda, MD) using 

the BLAST (Basic Local Alignment Research Tool) search software 

(http ://www.ncbi .nhn.nih.gov/BLAST) was performed. 

2.12 HISTOLOGICAL EXAMINATION OF LIVER TISSUE 

Paraffin embedded liver fragments were cut to 5-~m sections. The sections were 

stained with hematoxylin and eosin, Mason-trichrome, periodic acid shiff or impregnated with 

silver. Sections were examined to assess and numerically score histological lesions. 
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Alterations in three liver parenchymal compartments were evaluated~ i.e. hepatocellular, 

intralobular/extrahepatocellular and portal, as previously described in detail (Michalak eta/., 

1990; Michalak and Lin, 1994; Hodgson and Michalak, 2000; Hodgson and Michalak, 2001 ). 

An overall histological grade of disease severity (0-3) was assigned for each liver specimen 

examined. All histological evaluations were performed on coded samples by Dr. T. I. 

Michalak. 
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CHAPTER 3: Quantitative Detection ofHepadnavirus-Infected Lymphoid Cells by 

In Situ PCR Combined with Flow Cytometry 

This study has been published in the Journal of Virology in Jan. 2003, volunze 77(2), pp. 970-979. 

3.0 SUMMARY 

The detection of small amounts of viral pathogens in infected cells by classical PCR is 

hatnpered by a partial loss of virus nucleic acid due to nucleic acid extraction and by 

difficulties in discrimination between truly intracellular virus genome material and that 

possibly adhered to the cell surface. These impediments limit reliable identification of virus 

traces within infected cells, which are a typical encounter in latent and persistent occult 

infections. Due to potential significant pathogenic and epidemiological implications of occult 

hepadnavirus persistence, the ability to diagnose the presence of stnall amounts of virus 

genome is imperative to ensure safety of blood used for transfusion and organ/cell 

transplantation. In this study, hepadnavirus-specific in situ PCR combined with the enzymatic 

elimination of extracellular virus and flow cytometry permitted detection of viral genomes in 

lymphoid cells without nucleic acid isolation and allowed quantification of infected cells 

during the course of persistent infection with WHY. The validity of the procedure was 

confirmed by nucleic acid hybridization analysis of the in situ amplified viral sequences. The 

results showed that hepadnavirus genome can be directly detected within lymphoid cells not 

only in serologically accountable infection, but also years after recovery from viral hepatitis 

and in the course of a primary occult virus carriage. Percentages of infected peripheral 

lymphoid cells in symptomatic WHY hepatitis fluctuate between 3.4 and 20.4o/o (mean 9.6% 
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+ standard error mean [SEM] I . 7), whereas those in persistent, serologically mute WHY 

infection range from 1.1 to 14.6% (mean 4.8% + SEM 0.8)(P == 0.005). The obtained data 

are consistent with our previous findings that WHY replication continues indefinitely in the 

lymphatic system independent of whether infection is symptomatic or serologically concealed. 

They also document that hepadnavirus can be detected in a significant proportion of 

circulating lymphoid cells both in serologically apparent as well as in occult persistent 

infection. 

3.1 INTRODUCTION 

The PCR has proven to be one of the greatest advances in molecular diagnostics that 

is now widely applied to detect pathogens and to identify clinical conditions. In its classical 

form., this technique requires the extraction ofDNA or RNA that has to be reverse transcribed 

to eDNA prior to atnplification. The isolation step is inevitably associated with a partial loss 

of nucleic acid and, therefore, it may pose a serious impediment when identification of traces 

of genotnic material of pathogens occurring at minute quantities is required. This is 

particularly important in the diagnosis oflatent or persistent occult viral infections where very 

low virus loads are normally encountered within infected cells. In these infections, even a 

relatively negligible decrease during virus nucleic acid recovery or its minor degradation may 

predetermine whether a pathogen is detected or not. 

l-IB V inflicts lifelong, serologically detectable (i.e . ., serum HBsAg-positive) infection 

in an estimated 400 million people worldwide (Margolis et a/., 1991 ~ World Health 
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Organization, 2000). However, small quantities of this noncytopathic DNA virus, which are 

not identifiable by currently used and otherwise sensitive serological immunoassays, also 

commonly occur in the absence of clinical symptoms and biochemical evidence ofliver injury. 

It was documented that patients who resolved AH type B continue to carry small amounts of 

HB V genomes in serum, circulating lymphoid cells and in the liver for decades after recovery., 

despite production of protective antiviral responses (Michalak et a/. , 1994~ Rehermann et 

a/ . ., 1995~ Penna et al., 1996; Yotsuyanagi eta/., 1998~ Cabrerizo eta/., 2000~ Blackberg and 

Kidd-Ljunggren, 2001 ). The investigations in the woodchuck model ofhepatitis B confirmed 

these observations and revealed that minute amounts of infectious WHY consistently persist 

for life after resolution of AH or acquisition of a primary serologically occult infection 

(Michalak et a/., 1999~ Coffin and Michalak, 1999). This occult virus is transmissible from 

mothers to offspring as a primary, serologically silent infection (Coffin and Michalak, 1999). 

Regardless of whether the hepadnaviral infection is serologically evident or silent., lytnphoid 

cells invariably support replication of pathogenic virus (Korba et a/ . ., 1987 ~ Lew and 

Michalak, 200 1) and are a reliable source of genomic material for detection of persisting virus 

(Michalak eta/. , 1999~ Michalak eta/., 2000~ Lew and Michalak, 2001 ) . 

The protocols currently applied for identification of low copy numbers of 

hepadnavirus genomes require isolation of DNA and a multi-step and contamination prone 

procedure that involves nested PCR followed by hybridization analysis of the amplified virus 

sequences. This approach., although of superior sensitivity., is time-consuming, does not 

permit for determination of the number of infected cells, nor does it allow for reliable 
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discrimination between the intracellular virus sequences, which might be indicative of virus 

replication, and those nonspecifically attached to the cell surface. To circumvent these 

drawbacks and to establish a simplified method facilitating further studies on the role of the 

lymphatic system in hepadnavirus infection, we developed a direct in situ PCR procedure 

employing intact lymphoid cells which, in conjunction with enzymatic elimination of 

extracellular virus, detects viral amplicons within the cells by flow cytometry. Although in 

..... ·itu PCR coupled with flow cytometry has been shown to be applicable for identification of 

HIV and HCV in PBMC (Re eta/., 1994~ Muratori et al., 1996), our approach overcomes 

an ambiguity posed by a possible identification of contaminating extracellular viral sequences 

and permits for specific detection of small quantities of viral genomes in both freshly isolated 

and archival, cryopreserved PBMC samples. In the present study, we employed WHY

infected lymphoid cells to develop the procedure and to assess its applicability for 

identification oflymphotropic virus during chronic infection accompanied by either abundant 

or minuscule loads of circulating virus. 

3.2 MATERIALS AND METHODS 

3.2.1 Animals and lymphoid cell separation 

Samples of peripheral lymphoid cells examined in this study were derived from 4 

group of animals. Group 1 included PBMC isolated from 4 randotnly selected WHY carriers 

with CH confirmed by histological examination of liver biopsy (see Section 2.12). All the 

anitnals had naturally acquired chronic infection and were serum WHsAg-positive and anti-
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WHc-reactive for at least 6 months prior to PBMC collection. Multiple PBMC samples were 

available for analysis from one of the animals (1/F) post infection (p.i.) (Table 3.1). In all 

woodchucks, serum WHV loads were in the range of 1011 vge/mL, as determined by a dot

blot hybridization assay (sensitivity ,_ 106 vge/mL) (Table 3.1 ) . 

Group 2 included PBMC obtained from 9 animals with a past history of a self-limiting 

episode ofWHV -induced AH (Table 3.1 ). These animals were initially WHV -naive and they 

developed transient AH when infected with WHV as adults (Michalak, 2000; Hodgson and 

Mchalak, 2001 ). The woodchucks in this study group were serum WHsAg-negative and 

anti-WHc-reactive, and some of them demonstrated anti-WHs antibodies at the time of or 

prior to PBMC collection (Table 3.1 ). After recovery from AH, all animals carried trace 

amounts ofWHV DNA in serum, lymphoid cells and in the liver for life. The levels ofWHV 

DNA in sera did not exceed 103 vge/mL, although they were usually around 10 vge/mL, as 

determined by WHY-specific nested PCR/NAH (Lew and Michalak, 2001). PBMC were 

collected for up to 5. 5 years after clearance of serum WHsAg, at the time when liver histology 

was normal or occasionally demonstrated features of minimal, intermittent inflammation. The 

molecular and pathological features of this residual infection were described in detail in 

previous works from this laboratory (Michalak et a/., 1999; Michalak, 2000~ Hodgson and 

Michalak, 2001 ). 

Group 3 consisted of PBMC obtained from 4 woodchucks born to mothers who 

resolved WHV hepatitis (Table 3.1). These offspring were consistently WHsAg, anti-WHs 

and anti-WHc negative, but they carried low levels of WHV in serum, circulating lymphoid 



Table 3.1 ImmunoviroJogicaJ characteristics of WHV infection at the time of analysis ofWHV DNA in circulating lymphoid cells by in situ PCR combined with flow 
cytometry 

Category of infection Time of PBMC acquisition Serology Serum WHVDNA 
and animal (moY WHVDNA in PBMC 

WHsAg anti-WHs anti-WHc (vge/mL)b (% positiveY 

GROUP I 
Serologically evident, 

chronic infection 

1/F 1 + - + 4.7x 1011 20.4 
2 + - + 4.7 X 1011 9.3 
4 + - + 4.1 X 1011 6.6 
6 + - + 3.4 X 1011 10.6 
8 + - + 1.7 X 1011 6.3 

11 + - + 4.8 X IOJI 6.6 
15 + - + 1.8x 1011 19.1 
19 + - + 2.7 X 1011 16.5 

2/M 9 + - + 5.5 X 1011 3.4 

3/F 13 + - + 3.5 X 1011 7.1 

4/F 33 + - + 5.2 X 1011 5.4 
35 + - + 4.8 X 1011 4.1 

Mean(± SEM): 9.6 ± 1.7 

GROUP2 
Serologically silent, 

residual infection d 

5/F 5.5 - + + 1 X 103 3.8 
17.5 - + + -10 3.2 
21 - + + -10 2.1 

6/F 8e - - + 1 X 103 8.9 

7/F 8e - - + -10 3.6 
20 - - + -10 4.7 

8/F 16 - - + -10 5.6 
30 - - + 1 X 103 2.1 

9/M 20e - - + -10 11.2 
31 f - - + I X 103 12.9 

\0 
0 



10/F 26e - + + -10 8.0 
66[ - - + - 10 2.6 

1 1/M 31 - + + - 10 1.9 
43 - + + 1 X 103 8.0 
44 - + + -10 3.7 
51 f - - + -10 1.2 

12/M 58 - - + -10 1.2 

13/M 42 - - + 1 X 103 0.9 
60[ - - + -10 1.2 

Mean(± SEM): 4.5 ± 0.8 

GROUP3 
Serologically silent, 

primary occult 
infections 

6 - - - -10 1.3 
14/F 18 - - - -10 1.2 

26 - - - -10 2.6 
30 - - - -10 4.8 

12 - - - -10 2.4 
15/F 

17 - - - -10 14.6 
16/F 

45 - - - 1 X 103 5.7 
17/F 52h - - - -10 8.0 

Mean(± SEM): 5.1±1.6 

a From inoculation with WHV, or from birth to a mother convalescent from acute hepatitis, or from time of arrival to colony for animals with serologically evident, 
chronic WHV infection 

b WHV DNA detected by dot blot hybridization (sensitivity -106 vge/mL) and, when negative, by nested PCR with WHV core gene-specific primers and Southern blot 
hybridization of the amplified virus sequences (sensitivity -10 vge/mL) 

c Positive by in situ PCR combined with flow cytometry 
d Adult animals who recovered after an acute episode of WHV hepatitis and carried for life trace amounts of WHY 
e PBMC samples tested for WHY cccDNA and found positive 
rPBMC samples collected at the end of the natural lifespan of the animals examined 
8 Animals born to mothers who resolved acute WHY hepatitis and carried for life trace amounts of WHY 
h PBMC samples tested for WHY cccDNA and found negative 

\0 
~ 
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cells, lymphatic organs and frequently, but not always, in the liver, as described previously 

(Coffin and Michalak, 1999). In the current study, circulating lymphoid cells acquired from 

3 offspring ( 14/F, 16/F and 17/F) with WHY DNA detection in the liver and one offspring 

( 15/F) without hepatic expression were examined. Multiple PBMC samples were available 

for analysis from 14/F woodchuck (Table 3.1). Only PBMC found reactive for WHY DNA 

by classical nested PCR/NAH were examined in the current study. 

Group 4 comprised PBMC derived from healthy, WHY -naive animals. These cells 

were used to optitnize the assay conditions and as negative controls. 

Tests applied for identification ofserologicaltnarkers ofWHV infection (see Section 

2.3) and dot-blot hybridization and PCR/NAH used for determination ofWB:V DNA loads 

were described previously (Section 2.7.1). 

PBMC were isolated from blood treated with sodium EDT A drawn using Yacutainer 

(see Section 2.2.3). Cells were suspended at 1 x 107 cells in 1-mL aliquots ofheat-inactivated 

FCS with 10% DMSO and stored in liquid nitrogen for up to 5.5 years prior to use. 

3.2.2 Optimization of assay conditions 

ln order to detect solely intracellular virus sequences and, at the same time, to 

preserve integrity of cells through extended PCR cycling, various enzytne treatment and cell 

fixation, penneabilization, and washing protocols were examined. This included evaluations 

of different schemes of limited cell surface digestion with DNase and trypsin to remove WHY 

virions and virus DNA fragments potentially attached to the cell surface (see below), the use 
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of different fixatives to stabilize structural integrity of the cells, and testing of different 

washing protocols. In addition, since detection of virus DNA was intended in the cells stored 

frozen for a prolonged period of time, procedures of handling of these cells, which are more 

fragile than those freshly isolated, were examined. The steps outlined below are the results 

of these preceding investigations. 

In a series of preliminary experiments, the conditions for effective removal of 

extracellular WHY particles and WHY DNA sequences by DNase/trypsin/DNase digestion 

were tested. In these experiments, PBMC from healthy animals were exposed to WHY 

virions which were semi-purified from the serum of a chronic WHY carrier by 

ultracentrifugation over a 60% sucrose cushion, as described previously (Coffin and Michalak, 

1999), or spiked with full-length rWHV DNA (Pardoe and Michalak, 1995). For this 

purpose, l x 106 cells per sample were incubated for 30 min at AT with approximately 300 

DNase-protected WHY particles or with 300 vge ofrWHV DNA per cell . In both situations, 

the cells were washed with 0.25% Tween-20 in PBS and then treated by applying different 

DNase/trypsin/DNase protocols. 

In another optitnization trial, it was established that fixation ofPBMC in cold acetone 

for 3 min was as efficient as that with 1% or 4% paraformaldehyde for 2 h or 3 0 min, 

respectively. However, acetone fixation gave evidently lower background signals than 

paraformaldehyde when PBMC were examined by in situ PCR/tlow cytotnetry. 

Furthermore, examination by light microscopy of PBMC before and after 

permeabilization with proteinase K and the enzyme inactivation revealed that the morphology 
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of cells remained intact, although their overall number decreased by up to 20%. This was 

without any effect on the final results since only 104 cells after in situ PCR were required for 

flow cytometric analysis. It was also found that extensive washing of fixed or unfixed PBMC 

with 0.25% Tween-20 in PBS did not disturb the cell's morphological integrity and that 

omission of this washing increased background binding of the FITC-labeled primer. 

3.2.3 Cell surface DNase/trypsin/DNase treatment 

Under standard conditions, cells were removed from liquid nitrogen, thawed on ice 

and washed twice with 0.25% Tween-20 in PBS by centrifugation at 660 x g for 5 tnin to 

remove FCS and DMSO. The resulting cell pellet was resuspended in 900 ~L of sterile PBS 

and DNase/trypsin/DNase treated, as described in Section 2.4. The treated cells were washed 

twice with 0.25% Tween-20 in PBS and counted. They were aliquoted at 1 x 106 ofviable 

cells per a 0.6-mL, thick-wall PCR tube (Fisher Scientific) in which they were kept 

throughout all subsequent steps. 

3.2.4 Cell fixation and permeabilization 

Samples containing 1 x I 06 ofDNase/trypsin/DNase-treated cells were fixed on ice 

in acetone (molecular grade~ Sigma Chemical Co.), which was precooled at -20°C for 3 min 

and then washed twice with 0.25o/o Tween-20 in PBS by centrifugation at 660 x g for 5 min 

at AT. In the following step, the cells were permeabilized by incubation with 200 ~L of 10 

~g/mL proteinase K (activity > 20 U/mg~ Invitrogen) in PBS at 37°C for 5 min. The enzyme 
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was inactivated by boiling for 2 min to prevent excessive digestion, as in in situ hybridization 

protocols described by others (Bagsara et a/., 1995; Nuovo, 1995). Then, the cells were 

washed in two changes of0.25% Tween-20 in PBS. 

3.2.5 PCR primers and amplification conditions 

Cells obtained after this procedure were suspended in a 100 J..LL volume ofPCR buffer 

as described in Section 2. 7.1. The PCR mixture was covered with 80 J..LL of molecular grade 

tnineral oil to prevent evaporation. In this study, oligonucleotide primers homologous to 

WHY C gene were employed for the detection of virus specific DNA. Thus, PPCC primer 

conjugated at the 5'-end with FITC with sequence 5'-T AGGAGGCTGT AGGCAT (2033-

2049) was used as the sense primer (FITC-PPCC), whereas CCOV primer with sequence 5'

TCTCAATCGCCGCGTCGCAGA(2439-2460) was used as the antisense primer. In some 

instances., unlabeled PPCC and CCOV primers were employed in control reactions. 

To amplify viral DNA, a PCR cycling program was used as outlined in Section 2. 7 . l . 

In all PCR runs, at least three samples of the same cell preparation, each containing l x I 06 

cells., were processed. One underwent PCR amplification as test sample and two others 

served as controls. In one control reaction, both Taq DNA polymerase and the FlTC-labeled 

pritner were otnitted to assess background cell autofluorescence. In the second sample, Taq 

DNA polymerase was omitted to determine whether the FITC-labeled primer may directly 

hybridize to intracellular WHY DNA under the thermocycling conditions used. In preliminary 

experiments, it was established that the 5'-end FITC label on PPCC primer did not affect 
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efficiency of WHY DNA sequence amplification, as proven in parallel reactions with the 

primer pair comprised by unlabeled PPCC and CCOV and rWHV DNA (Figure 3.1). All 

amplifications were performed in a TwinBlock thermal cycler (Ericomp Inc.) . 

In selected PBMC samples examined in this study, the presence ofWHV cccDNA, 

indicative of replicating virus, was also assessed. This was accomplished following a standard 

PCR-based procedure previously established in this laboratory (Lew and Michalak, 200 I) and 

described in Section 2.7.2. 

3.2.6 Flow cytotnetry analysis 

Following PCR, cells were spun down at 660 x g for 5 min, and the supernatant 

collected and saved for molecular hybridization analysis. The resulting cell pellet was gently 

suspended in 0.5 mL of 0.25% Tween-20 in PBS and washed by centrifugation under the 

same conditions as above. The final pellet was suspended in 200 ~L of PBS, transferred to 

a sterile 5-mL polypropylene tube, covered with Parafilm, and kept on ice until analysed in 

a fluorescence activated cell sorter (FACS) Star-Plus flow cytometer (Becton Dickinson). 

This examination was done within 12 h after completion of PCR. 

Cells were gated by a forward and side scatter to exclude cellular debris. The data 

generated frotn a flow of 1 x 1 04 events were analysed with the help of Cell Quest software 

(Becton Dickinson). Trace signals occasionally given by control cell samples subjected to 

thermocycling in the absence of a FITC-Iabeled primer and T'aq DNA polymerase were 

subtracted frotn the signals given by test cells. These signals never exceeded the tnean value 



Figure 3.1. Sensitivity and specificity of WHV DNA detection by PCR using the 

oligonucleotide prirner pair homologous to the virus core gene sequence containing a 

fluorescein-conjugated sense primer. Serial 10-fold dilutions offull-length rWHY DNA 

were amplified with either (A) PPCC-CCOV or (B) FITC#PPCC-CCOV primer pairs under 

the same PCR conditions. In parallel., supernatants from WHY -naive PBMC or PBMC 

derived from a chronic WHY carrier obtained after in situ PCR with FITC#PPCC-CCOV or, 

as controls, FITC#-PPCC in the absence of Taq DNA polymerase or in the absence of both 

FITC#PPCC and Taq DNA polymerase were analysed (B). The amplified WHY DNA 

sequences were identified by Southern blot hybridization to (32P]-labeled rWHY DNA as a 

probe. The results show that either standard PCR procedure employing labeled or unlabeled 

PPCC primer or in situ PCR method using FITC#PPCC primer generate DNA fragments of 

identical molecular size ( 428 bp) and specificity, and that the use ofFITC#PPCC primer does 

not tnodify the sensitivity of WHY C gene detection. 
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of 0. 7o/o (SEM 0.08o/o) (see below) of the total counted events. In some experiments, 

supernatants from cells after in situ PCR and cells not utilized for cytometric analysis were 

examined by dot-blot hybridization, as described below. 

3.2. 7 Hybridization analysis of amplified virus sequences in cells and in their PCR 

supernatants 

To confirm validity of the flow cytometry results., a dot-blot hybridization assay was 

adopted to examine presence of virus amplicons in both PBMC and their PCR supernatants. 

For this purpose, after in situ PCR., the cells were spun down, counted and adjusted to the 

same cell concentration (3-5 x 105 cells/dot). Then, they were lysed by three cycles of 

freezing and thawing with vortexing, which eliminated almost all --99% cells, as evaluated by 

phase-contrast microscopy. The resulting suspension was blotted onto a nylon membrane 

(Hybond-N ~ Amersham Biosciences) using a dot-blot micro filtration apparatus (BioRad 

Laboratories) and then washed twice with 200 ~L of sterile PBS. 

When cell PCR supernatants were examined, 90 ~L of each supernatant recovered 

after PCR was blotted onto a nylon tnembrane following the same procedure as above. 

Subsequently, the nucleic acid was denatured, neutralized and the membrane baked and then 

hybridized overnight at 65 oc with a [32P]-labeled rWHV DNA as a probe (Michalak eta/., 

1999). After washing in 0.2 X SSC containing 0.1 o/o SDS, the blots were exposed for 

autoradiography to Kodak X-Otnat film, as performed in Southern hybridization procedures 
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(see Section 2.9.2.3). In all instances~ 2-fold serial dilutions ofrWHV DNA were blotted as 

quantitative standards. In preliminary experiments, PBMC supernatants obtained after in situ 

PCR were subjected to electrophoresis on 1% agarose gels and analysis by Southern blot 

hybridization (Michalak et a/., 1999). These experiments showed that the amplified PCR 

products were of the expected molecular size and had WHV DNA specificity, as shown in 

Figure 3.1 . 

3.2.8 Statistical Analysis 

Based on the tnean and SEM of background signals detected in WHV -naive cells 

(mean 0 . 7o/o ± SEM 0 . 08~ n= 16)~ readings equal to or less than 1 o/o were accepted as 

negative. Statistical comparison of background signals from WHV -negative cell samples to 

the low positive samples (1.0- 2.1 %) in samples obtained from serologically silent residual 

or serologically silent primary occult WHV infection gave a highly significant difference 

(P==O.OOO 1 ), indicating that values above l% were in fact positive. The significance of 

differences between percentages ofWHV DNA-negative and weakly WHV DNA-positive 

PBMC and between WHY DNA-positive PBMC detected in the groups studied (see Table 

3. l) was detennined by Mann-Whitney non parametric~ unpaired test. Two tailed P values < 

0. 05 were considered significant. 
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3.3 RESULTS 

3.3.1 Validation of enzymatic elimination of the cell surface adhered viral DNA 

To validate the effectiveness of DNase/trypsin/DNase treatment on the removal of 

extracellular attached WHY virions and/or WHY DNA and, at the same time, to optimize 

conditions for sole detection of intracellular virus sequences, PBMC from WHY -naive 

animals were incubated with an excess of either WHV virions or rWHY DNA, and then 

subjected to the stepwise enzyme treatment described. As illustrated in Figure 3. 2 (upper 

panel), when cells were exposed to approximately the same amounts of virus genomes 

contained in either virions or protein-free recombinant WHY DNA preparation., they showed 

WHY DNA signals as detected by in situ PCR/flow cytometry. However., the percentage of 

WHY DNA-positive PBMC was much greater after incubation with free virus DNA (83.1 %) 

than with virions (6.8o/o). These signals were removed following DNase/trypsin/DNase 

treatment., indicating that the treatment was effective and ensured that only intracellular viral 

DNA was subsequently detected. Comparable results were obtained when either freshly 

isolated or previously frozen WHY -naive PBMC were exposed to rWHY DNA and when the 

cells obtained when either freshly isolated or previously frozen WHY -naive PBMC were 

exposed to rWHV DNA and when the cells were incubated with rWHV DNA suspended in 

PBS or normal woodchuck serum (data not shown). In general., the data demonstrated that 

WHY virions or viral DNA fragments may in fact attach to the lytnphoid cell surface and, 

therefore., compromise specificity of PCR aimed at exclusive detection of intracellular virus 

sequences. They also showed that washing cells alone is not sufficient to dissociate the 



Figure 3.2. Flow cytometry analysis of WHV-naive PBMC exposed to either WHV 

virions or cloned rWHV DNA and subjected or not to stepwise DNase/trypsin/DNase 

digestion and WHY DNA-specific PCR amplification. PBMC isolated from a healthy 

woodchuck were incubated with either 3 x 108 WHY virions (approximately 300 virions/cell) 

(upper panel) or 1 ng of rWHY DNA (approximately 3 00 vge/cell) (lower panel), washed and 

treated or not with DNase/trypsin!DNase before PCR and flow cytometric examination. 

Adsorption of virions or protein-free WHY DNA to PBMC is evident in the absence of 

enzyme treatment, whereas following treatment, no positive cell signal was observed, 

indicating successful elimination of the attached WHY particles or nucleic acid sequences. 
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surface bound viral DNA and that the enzymatic digestion applied in this study was effective 

at its elimination. 

3.3.2 In situ PCR coupled with flow cytometry detects WHV in PBMC of animals with 

either high or minuscule levels of circulating virus 

PBMC isolated from serum WHsAg-reactive, chronically infected woodchucks with 

serum loads of WHV around 1011 vge/mL (Group 1 ~ Table 3.1 ), showed readily detectable 

intracellular WHY DNA when examined by in situ PCR-flow cytometry. In this disease 

situation, percentages ofWHV genome containing cells ranged between 3. 4 and 20.4% ( tnean 

9.6% + SEM 1.7~ n = 12) (Table 3.1) or, in other words, there was 3.4 x 104 to 20.4 x 104 

infected cells per each 1 x 106 ofPBMC analysed. 

Considering individual samples obtained during follow-up of animals with CH, the 

nutnber ofWHV DNA-positive PBMC did not fittingly correlate with the load of circulating 

virus. This fact is well illustrated for 1/F woodchuck from which 8 PBMC and parallel serutn 

samples obtained during a 19-mo observation period were available for analysis (Table 3.1 ). 

Thus, although the level of circulating WHY did not fluctuate meaningfully ( 1. 7-4.8 x 1011 

vge/mL) in this animal, the percentage of infected PBMC ranged between 6.3 and 20.4% 

during the satne time period. 

The proportion of WHY DNA reactive PBMC in woodchucks with a serologically 

concealed infection that continued after recovery from AH (Group 2) or with a primary occult 

WHY infection (Group 3), where the serum levels of WHY were usually around 10 vge/mL, 
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ranged between 1.1 and 14.6% (mean 4.8% + SEM 0.8; n = 27). When the percentage values 

ofWHV -positive PBMC determined for woodchucks with residual or occult WHV infection 

(Groups 2 and 3) were compared to those detected in animals with WHsAg-positive CH 

(Group 1)., the difference was highly significant (P = 0.005). This indicates that although 

some animals with very low levels of circulating virus and serologically silent infection may 

carry numbers of WHY-positive PBMC comparable to those seen in woodchucks with high 

WHV loads and serologically demonstrable infection, the population ofWHV DNA-positive 

PBMC is overall significantly greater in serologically evident than serologically silent 

infection. PBMC satnples derived from WHY -naive animals showed minitnal background 

signals, ofwhich the tnean was 0.7% + SEM 0.08 (n = 16). 

Figure 3.3A shows representative plots from flow cytometry analyses of PBMC 

isolated from animals with actually progressing, WHsAg-positive CH or with a past episode 

of SLAH. In addition, this figure illustrates the results obtained from control reactions. As 

expected, PBMC derived from a healthy animal were negative for WHV DNA. In contrast, 

populations of WHY DNA-positive cells were readily detectable in PBMC taken from 

woodchucks with either active or residual WHY infection. As it is also shown in Figure 3. 3 A 

(tniddle row) PBMC treated under the thennocycling conditions in the absence ofboth FITC

labeled, virus-specific primer and Taq DNA polymerase were WHY DNA non-reactive. 

Occasionally, these control reactions gave a trace background autofluorescence which did not 

exceed 1% of the total events counted. These signals, if occurring, were subtracted from the 

values given by relevant test samples. 



Figure 3.3. Detection ofWHV DNA in lymphoid cells from WHY-infected woodchucks 

and a healthy control by in situ PCR coupled with flow cytometry or with hybridization 

analysis of cell supernatants obtained after PCR amplification. (A) Representative flow 

cytometry results showing WHY DNA-positive populations ofPBMC from an animal with 

progressive WHsAg-positive CH (evident infection) and from a woodchuck with silent WHY 

infection continuing for 12 months after resolution of AH (silent infection) and from a control, 

WHY -naive woodchuck (top row). The same cell samples treated under identical cycling 

conditions but in the absence of FITC#PPCC primer and Taq DNA polymerase (pol.) 

showing almost nonexisting background autofluorescence (middle row) or after omitting Taq 

DNA polymerase illustrating signals obtained due to hybridization ofFITC# PPCC primer 

with WHY DNA in PBMC from chronic and residual WHY infections but not from a healthy 

animal (bottom row). (B) Dot-blot hybridization analysis of supernatants collected after 

PBMC underwent in situ PCR, confirming the validity of positive flow cytometry signals and 

negative controls shown in panel A. 
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Interestingly, when infected PBMC were subjected to the standard PCR conditions 

in the presence ofFITC-labeled, WHY -specific primer but without Taq DNA polymerase, 

WHY genome positive cells could also be detected, as illustrated in Figure 3 .3A, bottom row. 

Overall, the percentages of WHY DNA reactive cells detected by this method were on 

average 5% lower than those identified by the standard in situ PCR/flow cytometry protocol. 

Therefore, this approach did not allow for detection of infected cells where low numbers(< 

5o/o) of WHY -positive PBMC were identified by in situ PCR/flow cytotnetry. It became 

evident that the signals generated in the absence of Taq DNA polymerase were due to a 

specific hybridization ofFITC-PPCC primer with intracellular WHY DNA. This conclusion 

was based on the facts that neither PBMC from WHY -naive animals treated under the same 

thermocycling conditions in the presence ofFITC-PPCC nor WHY -infected PBMC treated 

with FITC-labeled HCV -specific primer produced positive signals (data not shown). It is 

conceivable that the in situ hybridization method, utilizing a fluorochrome-labeled 

oligonucleotide as a probe, might constitute a base for future development of even a more 

simplified flow cytometry technique applicable for specific detection of pathogens when they 

are present at tnoderate to high levels within infected cells, as observed in this study. 

In order to validate the results obtained by the in situ PCR-flow cytometry and, at the 

same time, to test whether hybridization of the amplified sequences with a radio labeled probe 

tnay increase sensitivity of WHY DNA detection, PBMC supernatants collected after in situ 

PCR were probed by dot-blot hybridization with [32P]-labeled, cloned WHY DNA. This 

approach was based on our observation that enzytnatic permeabilization of cells leads to the 
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escape of some amplicons during the PCR procedure and, therefore, may allow for 

assessment of the cell positivity by analysing reaction mixtures obtained after PCR and 

removal ofPBMC. As illustrated in Figure 3.3B, the intracellular amplified WHV DNA was 

detectable by this dot-blot hybridization method, validating the positive and negative signals 

obtained for PBMC presented in Figure 3. 3 A. However, although this approach gave results 

closely comparable to those generated by in situ PCR-flow cytometry in regard to positivity 

or negativity of individual PBMC samples tested, it did not improve the overall sensitivity of 

WHY DNA detection. Similarly, in another set of experiments, when either infected PBMC 

alone or together with their supernatants were analysed by dot-blot hybridization after 

standard in situ PCR, there was no meaningful enhancement in the sensitivity of WHY 

genotne detection over the standard in situ PCR-flow cytometry procedure (data not shown) . 

Nevertheless, the data revealed that the in situ amplified sequences can be alternatively 

detected by a DNA hybridization method in situations where a flow cytometer might not be 

available. 

3.3.3 Frequency of virus genome-containing PBMC in WHV POI and SOl 

Two groups of animals known from our previous studies to persistently carry low 

levels of WHY in the lymphatic system, as determined by classical PCR amplification 

techniques (Cofl1n and Michalak, 1999~ Hodgson and Michalak, 2001 ~ Michalak eta/., 1999), 

were examined by in situ PCR-flow cytometry. Group 2, composed ofPBMC from animals 

who spontaneously overcatne an acute episode of WHY hepatitis (i.e., SOl) and continued 
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to have lifelong residual WHV infection, showed percentages of infected PBMC ranging from 

1.1 to 12.9% (mean 4.5% + SEM 0.8~ n = 19). Five of the PBMC samples tested were 

collected at the end of the natural lifespan of the recovered animals (i.e., approximately 3 to 

5.5 years after clearance ofWHsAg from serum) (Table 3.1). The percentages of positive 

cells in these particular samples ranged between 1. 1 and 12. 9%, indicating that the population 

of infected PBMC may significantly vary even in the very late period after resolving acute 

infection. 

Figure 3.4 illustrates representative plots ofWHV DNA-positive lymphoid cells from 

two woodchucks ( 5/F and 11/M~ Table 3. 1) with apparent complete resolution of 

experimentally induced AH. Animal 5/F had finally developed HCC at 36.5 months after 

clearance ofWHsAg and seroconversion to anti-WHs, whereas 11/M has been euthanised due 

to crippling senility at 51 months after seroconversion. As shown, approximately 15% of 

PBMC collected during AH from 5/F were WHY DNA reactive, whereas 3.8o/o and 3.2% of 

cells were infected at 5. 5 and 1 7. 5 months after WHsAg clearance, respectively. For 11 /M, 

5.9% ofPBMC demonstrated detectable levels of virus DNA during the late phase of AH, 

and 3. 7o/o and 1.2% cells were infected at approximately 3.5 and 4 years after disappearance 

ofserutn WHsAg, respectively. As expected, PBMC obtained prior to inoculation with WHY 

were WHY DNA non-reactive. 

In Group 3, PBMC collected from animals with POI acquired by vertical transmission 

of WHY from mothers who resolved AH were included (Table 3.1). The percentages of 

WHV infected cells detected in these animals by in situ PCR-flow cytometry ranged between 



Figure 3.4. Representative plots from flow cytometry analysis of in situ amplified WHV 

DNA in PBMC samples obtained from two woodchucks with SOl persisting after 

termination of AH. PBMC obtained during acute phase of WHY hepatitis and at the 

indicated time points after clearance of serum WHsAg and seroconversion to anti-WHs were 

subjected to DNase/trypsin/DNase treatment, PCR amplification and flow cytometry analysis. 

The percentage ofWHV DNA reactive PBMC is indicated in each panel. PBMC collected 

prior to inoculation with WHY from the same animals are shown as negative controls. 
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1.2 and 14.6o/o (mean 5.1% + SEM 1.6~ n == 8). Three representative plots ofPBMC obtained 

at approximately 6 months, and at 2 and 3 years after birth from the same offspring ( 14/F) are 

shown in Figure 3.5. 

No significant difference in the percentages ofWHV-infected PBMC was observed 

between animals with SOl and those with a POI. Statistically significant differences were 

found between animals with serum WHsAg-positive chronic infection and those with SOl (P 

== 0.008) and POl (P == 0.04). 

As an indicator of active hepadnavirus replication, the presence ofWHV cccDNA was 

assessed by the nick region-specific PCR in selected PBMC samples which were found WHY 

DNA reactive by in situ PCR/flow cytometry. WHY cccDNA was detected in 4 of 5 PBMC 

samples tested, as confirmed by Southern blot hybridization analysis. The results are shown 

in Table 3.1 and illustrated in Figure 3 .6. 

3.4 DISCUSSION 

This study shows that hepadnavirus genome can be readily detected in lymphoid cells 

by using a direct PCR method combined with flow cytometry. This one-step PCR procedure 

detects hepadnavirus DNA with sensitivity ( --- 102 vge/mL) comparable to that previously 

achieved only by nested PCR and it allows for reliable unveiling of the virus genomes in the 

lymphatic systetn during persistent, serologically concealed infection. The PCR-flow 

cytometry technique established in this study offers several important advantages over the 

classical PCR protocols utilized for identification of hepadnaviruses in lymphoid cells. It 



Figure 3.5. In situ PCR-flow cytometry analysis of PBMC from a woodchuck with POI 

who was born to a mother convalescent from acute WHV hepatitis. PBMC obtained at 

the indicated time points after birth were examined following the standard protocol. The 

percentages of WHY DNA reactive cells detected in individual samples are indicated in each 

panel. 
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Figure 3.6. Detection of cccDNA in representative PBMC DNA samples which were 

obtained from woodchucks with serologically silent, persistent infection found WHV 

DNA reactive by in situ PCR/flow cytometry. DNA isolated from PBMC was subjected 

to mung bean nuclease digestion and PCR amplification. PCR products were analysed by 

Southern blot hybridization to confirm molecular size ( 6 7 4 bp) and specificity. For 

itnmunovirological characteristics of animals from which the PBMC samples shown 

originated, see Table 3 .1 . Contamination controls included water added instead ofDNA and 

atnplified by a direct (D) or a nested (N) reaction and mock (M) treated as test DNA. The 

positive control consisted of DNA derived from PBMC of a woodchuck with WHsAg

positive, chronic WHY infection. 
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abrogates the need for extraction of nucleic acid and, by minimizing manipulations, maximizes 

preservation of virus genomes within structurally intact cells decreasing, at the same time, the 

risk of accidental contamination. By including limited enzyme treatment of cells with 

DNase/trypsin/DNase prior to PCR, detection of intracellular viral DNA, but not that 

potentially nonspecifically attached to the cell surface from plasma or other body fluids, is 

secured. Furthermore, for the first time, quantification of infected lymphoid cells in the 

course ofhepadnaviral infection becomes feasible. This method might be further adopted to 

tnultiparametric analysis of infected lymphoid cells, their isolation, and identification of cell 

subsets in which hepadnavirus preferentially replicates, as well as to detection of replicative 

forms of hepadnavirus genomes. 

The results obtained in this study validate previous findings demonstrating that silent 

WHY persistence continuing after recovery from hepatitis or progressing POI is associated 

with the sustained infection of the host's lymphatic system (Michalak, 2000). Comparing, on 

a case by case basis, the levels of serum WHY DNA determined by the classical PCR protocol 

with the percentages of infected PBMC identified by the in situ PCR-flow cytometry (Table 

3. 1 ) , it is evident that a barely detectable level of virus in serum can be accompanied by a 

relatively large population of infected PBMC. This situation has been encountered both in 

the residual infection continuing after resolution of SLAH and in POI. ln these animals, the 

percentages of WHY -positive PBMC were occasionally as high as those detected in WHsAg

reactive CH. This indicates that serologically mute infection does not necessarily infer a low 

number of infected lymphoid cells. Although, it is likely that the amount of virus per 
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individual infected cell is considerably greater in serologically evident than in serologically 

silent infection. Furthermore, as the present study suggests, the proportion of infected PBMC 

may significantly fluctuate, even in a short period of time, during the course ofboth silent and 

serologically detectable infections. This is consistent with another observation from our 

study, indicating that a high proportion ofWHV -infected PBMC may appear even years after 

apparent complete resolution of hepatitis and in the late stage of lifelong POI. Nevertheless, 

taken together, the percentages of infected PBMC were found to be significantly greater (P 

= 0.005) in the serologically evident than in the silent virus infections (i.e. , POI and SOl). 

In addition, the presence ofWHV cccDNA in PBMC samples found positive by in situ 

PCR/flow cytometry supports the conclusion that virus replication occurs in these cells. This 

is consistent with other previous findings where expression of WHY DNA and WHY 

cccDNA in the lytnphatic system, and infectivity of lymphoid cell-derived WHY were 

documented (Coffin and Michalak, 1999~ Michalak eta/., 1999~ Lew and Michalak, 2000). 

Therefore, it is not surprising that variable WHV genome levels are expressed in the lymphatic 

system of animals after SLAH or in offspring born to convalescent dams. This current study 

describes a new approach by which intracellular WHY DNA in lymphoid cells can be 

detected. 

The percentages of WHY -positive lymphoid cells identified in our study appear to be 

similar to those delineated for other infections with lymphotropic viruses, when the in situ 

PCR-flow cytometry tnethod was applied for detection of infected PBMC. In one reported 

work, HCV -specific sequences were detected in 0.2 to 8.1% ofPBMC, often in the absence 
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of overt clinical symptoms (Muratori et al., 1 996). In another work, the percentages of virus-

positive PBMC identified in HIV -infected patients did not exceed 20%, with a range of 

positivity from 0. 6 to 20% (Re et al., 1994 ). This study also showed that when the data were 

viewed on a case by case basis, highly variable populations of HIV -positive cells occurred 

regardless of the CD4+ T cell count and viral load estimated by measuring HIV -1 p24 

antigenemia. This observation may corroborate our findings in WHV infection. Considering 

the data from the in situ PCR-flow cytometry analyses mentioned above, it can be perceived 

that the WHY lymphotropic potential, seen as virus ability to establish infection in lymphoid 

cells, is comparable to that displayed by other known lymphotropic viruses. 

The present study reinforces the notion that serologically silent hepadnavirus carriage 

should be monitored not only by evaluation of virus genome in serum, but also by examining 

its expression in peripheral lymphoid cells. It is evident that testing of circulating lymphoid 

cells may offer an important diagnostic advantage and identify virus in apparently negative 

cases. Other findings from this laboratory have shown that the systematic analysis of serial 

sera, PBMC and liver tissue samples collected during the natural lifespan of woodchucks with 

SOl allows for detection ofWHV DNA with a higher frequency in PBMC (78%) than in sera 

( 68o/o ), although the liver remains the most reliable source for the identification of silently 

persisting virus (Michalak et al., 1999~ Michalak, 2000). The same could be true for 

serologically silent HB V infection. Cumulative data from a growing number of studies 

docutnenting the persistence ofHB V traces following spontaneous or therapeutically induced 

resolution of hepatitis B and the appearance of HBV infection in recipients of organs from 
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apparently HB V negative donors (Michalak, 2000~ Brechot et a/. , 2001) strengthen the 

epidemiological and pathogenic significance of the cryptic form ofHB V infection (see Section 

1.3 .2 and Section 1.1 0). 

In the course of this study, a relatively simple approach to the specific detection of 

intracellular hepadnavirus has been established. This procedure should provide a valuable tool 

for further investigations on hepadnavirallymphotropism and the role of the lymphatic system 

in the natural course of hepadnaviral infection. This new method could also be applied to 

tnonitor the progression of symptomatic or concealed infection and to assess the effectiveness 

of antiviral agents against hepadnavirus propagating within lymphoid cells. 



CHAPTER 4: Low Doses of Hepadnavirus Induce Infection of the Lymphatic 

System That Does Not Engage the Liver 
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This study has been published in the Journal of Virology, Feb. 2004, volun1e 78(-1), pp. 1730-1738. 

4.0 SUMMARY 

As it was previously documented in this laboratory, WHY invades the host's lymphatic system 

and persists for life in lymphoid cells independently of whether infection is symptomatic and 

serologically evident or concealed (occult). In this study, we show, using the woodchuck 

tnodel of hepatitis B, that hepadnavirus can establish an infection that engages only the 

lymphatic system, but not the liver, and persists in the absence of virus serological markers, 

including anti-viral antibodies. This primary occult hepadnaviral infection (i.e. ,POI) is caused 

by wild type virus invading the host at a quantity usually not greater than 103 virions and is 

characterized by trace virus replication progressing in lymphatic organs and PBMC that, with 

time, may also spread to the liver. The infection is transmissible to virus-naive hosts as an 

asymptomatic, indefinitely long, occult carriage of small amounts of biologically competent 

virus. In contrast to residual silent WHY persistence which nonnally endures after the 

resolution of viral hepatitis and induces the liver (i.e., SOl), POI restricted to the lymphatic 

system does not protect against reinfection with a large, liver-pathogenic dose~ however, the 

occult infection is associated with a swift recovery from hepatitis caused by the 

superinfection. This study clearly documents that the lymphatic system is a primary target of 

WHY infection when small quantities of virions invade the susceptible host. 
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4.1 INTRODUCTION 

Replication and retention of virus in cells of the immune system characterize many 

persistent viral infections and are a major hindrance to sterilizing antiviral therapy. HB V and 

WHY are noncytopathic hepadnaviruses which cause a similar course and outcome of liver 

disease (Summers et al., 1978~ Tennant and Gerin, 1994; Michalak, 1998; Menne and 

Tennant, 1999~ Chi sari, 2000). Besides the estimated 3 50-400 million people worldwide who 

are chronically infected carriers of serum-HBsAg reactive HBV, there are many more 

individuals that harbour virus at quantities only detectable by highly sensitive molecular assays 

(Liang et al., 1990~ Liang eta/., 1994~ Michalak et al., 1994~ Penna et al., 1996~ Rehermann 

et a/. , 1996b~ Y otsuyanagi et a/., 1998; Marusawa et a/., 2000; Yuki et a/. , 2003 ) . The 

epidemiologic and pathogenic importance of this serologically silent occult HBV carriage are 

increasingly evident, particularly in regard to: ( 1) transmission of virus traces through 

seemingly HB V -negative blood transfusion, hemodialysis or organ transplantation (Hoofnagle 

eta/., 1978~ Chazouilleres eta/., 1994; Prieto eta/., 200 I); (2) reactivation of infection due 

to cytotoxic or immunosuppressive therapy (Lok et al., 1991; Hu, 2002); (3) contribution to 

the pathogenesis of liver diseases currently considered to be cryptogenic, e.g. HCC (Liang 

el a/.,1991~ Cacciola et al. , 1999; Yotsuyanagi eta/., 2000; Chemin et al., 2001). In the 

woodchuck-WHY model, the lifelong silent virus persistence is an invariable consequence of 

resolved viral hepatitis (Michalak et al., 1999; Michalak, 2000; Hodgson and Michalak, 200 I) 

and is accompanied by development ofHCC in about 20% of the recovered animals (Korba 

et al., 1989~ Michalak et al., 1999). 
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Analysis of HBY genome expression years after recovery from an episode of AH 

showed that virus traces persist in the presence of virus-specific immune responses (Michalak 

eta/., 1994~ Penna et al., 1996~ Rehermann et al., 1996b~ Yotsuanagi eta/., 1998~ Cabrerizo 

et al., 2000~ Chisari, 2000~ Yuki et al., 2003). As previously discussed (Section 1.5 .2.2 and 

1.8.2), WHY normally invades the host's lymphatic system, and lymphoid cells are a reservoir 

of replicating virus independent of whether the primary infection is serologically evident or 

occult (Coffin and Michalak, 1999~ Michalak eta/., 1999~ Michalak, 2000~ Mulrooney and 

Michalak, 2003) . It has also been shown that WHV produced by lymphoid cells can establish 

productive infection in cultured hepatocytes and lymphoid cells, and viral hepatitis and HCC 

in susceptible animals (Michalak eta/., 1999~ Lew and Michalak, 2001 ) . Hence, the data 

accumulated indicate that although hepatocytes are the site of the most vigorous replication 

of l-IB V and WHV in serologically diagnosed infection, both viruses also are lymphotropic 

and can propagate in the lymphatic system. 

Our recent findings in the woodchuck model of hepatitis B revealed yet another form 

of occult hepadnavirus persistence, where under certain natural or experimental conditions 

i.e., in offspring born to dams recovered from WHY hepatitis (Coffin and Michalak, 1999) 

and in adult animals inoculated with lymphoid cells obtained long after resolution of AH 

(Michalak et a/., 1999) or with very small WHY doses (Lew and Michalak, 2001 ), 

hepadnavirus can elicit POI confined to the lymphatic system, which is characterized by low 

levels of circulating virus and by minimal virus replication solely in lymphoid cells (Coffin and 

Michalak, 1999~ Michalak et al., 1999~ Lew and Michalak, 2001 ~ Mulrooney and Michalak, 
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2003). The nature of a viral prerequisite leading to establishment of this extrahepatic form 

of occult hepadnavirus persistence was unknown. We hypothesized that the dose of invading 

virus and/or the existence of a lymphotropic virus variant might be the underlying reason. To 

test these possibilities and to delineate features of this newly identified form of hepadnaviral 

carriage, we have applied two complementary investigative approaches. The first aimed at 

elucidation of whether occult, naturally acquired neonatal infection limited to the lymphatic 

systetn is transmissible to virus-naive., immunocompetent hosts and, if so, whether this 

infection retains its molecular and immunovirological properties through the passage. The 

second aimed at generation of a reproducible model of occult, lymphatic system-restricted 

infection using a wild-type, serum-derived virus and to test how this infection affects the 

host's susceptibility to infection after challenge with a massive virus dose known to cause 

hepatitis. Our findings imply that the lymphatic system-restricted POI is caused by wild type 

virus and that the quantity of invading virions predetermines whether the infection is silent and 

confined to the lymphatic system or serologically evident and liver pathogenic. 

4.2 MATERIALS AND METHODS 

4.2.1 Woodchucks 

Infection experitnents were carried out in 2-3 year old healthy woodchucks housed 

in the Woodchuck Research and Breeding Facility at Memorial University. Animals were 

housed and screened for prior exposure to WHV as described in Section 2.1. 
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4.2.2 WHV inocula from occult lymphatic system-restricted infection 

Woodchuck 3B/M, born to dam B, which resolved AH and was positive for anti

WHs, carried WHY DNA in serum and the lymphatic tissues, but not in the liver, during IS 

mo follow-up after birth (Coffin and Michalak, 1999). WHY derived from serum of offspring 

3B/M was i.v. injected at --1 x 104 vge into adult 260/M. The 260/M woodchuck acquired 

POI with serum WHV DNA levels not exceeding 102 vge/rnL, as reported (Coffin and 

Michalak, 1999). For the current study, inocula were prepared from plasma of 3B/M and 

from plasma and splenocytes of 260/M (Figure 4.1 A). Thus, plasma collected at autopsy 

frotn 3B/M (20 mL) and 260/M ( 10 mL) were ultracentrifuged at 200,000 x g for 18 h in a 

SW 50.1 rotor and the concentrates containing --1 x 103 and ----5 x 102 WHY vge were i. v. 

injected into 2115/M and 2117 /M, respectively. Sera and PBMC were collected weekly until 

week 10 p.i., then biweekly. Liver biopsies were obtained before and at week 6 and 22 p.i. 

At week 23 p.i., the animals were challenged with WHY/ttn3 inoculum at 1.1 x 1010 DNase

protected WHY/dose (see below). Liver samples were collected at week 6, 29 and 46 

thereafter. 2120/M was i.v. injected with 6.2 x 106 splenocytes (80o/o viability) isolated from 

260/M, and was then euthanised at week 18 p.i. 

4.2.3 Wild-type WHV inoculum 

WHY /tm3 inoculum was prepared from a pool of sera of a single chronic WHY 

carrier. This inoculutn has proven to be highly liver pathogenic and at 1.1 x 1010 vge/dose 

induced serum WHsAg-positive AH in --85% of adult woodchucks (Michalak et a/. , 1999~ 
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Michalak, 2000). It contained wild-type WHY DNA sequence identical with that in the liver 

and the spleen of the donor, as revealed by sequencing of the cloned complete WHY genomes 

(GenBank accession numbers: AY334075 for WHV/tm3 inoculum, AY334076 for liver

derived WHY and AY334077 for spleen-derived WHY~ see Appendices A.1-3). To 

determine whether a wild-type virus can establish POI, 9 WHV -naive animals were injected 

with increasing doses of WHY/tm3 ranging from --10 to 1 x 107 DNase-protected virions 

(Michalak et al., 1999). Thus, 1/F, 2/F and 3/F were inoculated with --10 vge, 4/M and 5/F 

with 1 x 103 vge, 6/M and 7/F with 1 x 105 vge, 8/F with 1 x 106 vge, and 9/F with 1 x 107 

vge. The animals were bled weekly until week 6 p.i. and then biweekly. Liver biopsies were 

collected before inoculation and at week 5 and 12 p.i. At week 18 p.i., each animal, except 

1/F and 8/F, was challenged with 1.1 x 1010 vge of WHV/tm3 inoculum. Sera and PBMC 

were collected for up to month 12 and liver samples at week 6, 3 6 and 48 after challenge. 1 /F 

was euthanised at week 18 p.i . to assess WHY expression in lymphoid organs, while 8/F had 

CH and was followed until HCC developed at month 25 p.i. 

4.2.4 Sample collection and cell preparation 

PBMC were harvested from sodium EDT A-treated blood on Ficoli-Paque, as 

described in Section 2.2.3. Liver biopsies were obtained by surgical laparotomy as outlined 

in Section 2.2 .4 . At autopsy, serum, PBMC, liver, spleen, bone marrow, lymph nodes, and 

other organs were also collected (see Section 2.2.5). Liver sections were stained and hepatic 

lesions assessed as previously described (see Section 2.12). In some instances, PBMC and 
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splenocytes were cultured with phytohemagglutinin (PHA) ( 5 lJ.g/mL) for 72 h to enhance 

expression of WHY DNA and cccDNA, as previously demonstrated (Coffin and Michalak, 

1999~ Michalak et al., 1999). DNase/trypsin/DNase treatment preceded DNA extraction to 

eliminate potential carryover of virions and virus DNA fragments on the cell surface (see 

Section 2 . 4~ Mulrooney and Michalak, 2003). 

4.2.5 Serological and WHV DNA dot-blot assays 

WHsAg, anti-WHs, and anti-WHc were assayed as described in Section 2 .3. The 

serum WHY DNA was evaluated by dot-blot hybridization using [32P]-labeled complete, 

cloned WHY DNA (Coffin and Michalak, 1999; Lew and Michalak, 2001 ). Hybridization 

signals were quantified by a phosphorimage densitometry using 2-fold serial dilutions of 

rWHV DNA as a standard, as outlined in Section 3.2 .6. When negative, WHY DNA was 

assayed by PCRINAH as described in Sections 2 .7 and 2.9. 

4.2.6 DNA extraction and PCR for WHV DNA and cccDNA 

Total genomic DNA was isolated as outlined in Section 2 .5. WHY DNA was 

amplified by PCR using primers and conditions described in Section 2 . 7 .1. For PCR detecting 

WHY cccDNA, mung bean nuclease treatment., primers and conditions outlined in Section 

2. 7.2 were applied. The amplicons' specificity and the validity of controls were routinely 

confirmed by Southern blotting (see Section 2 .9.2). 
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In selected cases, WHY DNA was quantified by real-time PCR detecting WHY C 

gene amplicons through FRET (sensitivity of 102 vge/mL), as described in Section 2.8.1. 

4.2.7 WHV DNA sequencing 

DNA from selected serum, lymphoid cell and tissue samples was subjected to PCR 

with back-to-back primers amplifying the complete WHY genome, as described in Section 

2.7.3. When required, fragments of the full length WHY DNA was further amplified with 

WHY gene specific primers (reported in Section 2. 7.1 ). The PCR products were either 

directly sequenced or cloned using theTA-cloning system as summarized in Section 2.10 and 

sequenced (see Section 2. 11 ). 

4.3 RESULTS 

4.3.1 Transmission of primary occult WHV infection 

To determine the infectivity and pathogenic competence of WHY in POI, inocula 

derived frotn woodchuck 3B/M, that was born to a mother convalescent from WHY hepatitis 

and had serologically undetectable infection with small amounts of WHY DNA in serum, 

PBMC and lymphatic organs but not in the liver (Coffin and Michalak., 1999), were i. v. 

injected into virus-naive adults 260/M and 2115/M (Figure 4 .1 A). Subsequently, plasma and 

splenocytes from 260/M, which developed POI (Coffin and Michalak, 1999)., were i. v. 

administered into 2117/M and 2120/M., respectively (Figure 4. 1 A). Animals 2115/M, 2117/M 

and 2120/M, similarly to 3B/M and 260/M (Coffin and Michalak, 1999), developed 



Figure 4.1 Serial passage of occult WHV infection restricted to the lymphatic systern 

in virus-susceptible woodchucks. (A) Outline of experiment showing animals and features 

of WHY infection at the time of acquisition of virus inocula. (B) Serological and WHY 

genome expression profiles and results ofliver histology after inoculation of virus-naive adult 

woodchucks with WHY derived from animal 3BIM, with neonatally acquired POI confined 

to the lymphatic system ,and from woodchuck 260/M with the same type ofinfection acquired 

after of 3 B/M serum. The graphs display the times of the primary inoculation (week 0) and 

the challenge with WHY (week 23 ), the appearance and the duration of serum WHsAg (II) 

and anti-WHc (0), and the expression of WHY DNA in serum, PBMC, and liver biopsy 

satnples. Anti-WHs antibodies were not detected (not shown). WHY DNA in serum, 

PBMC, and liver samples was detected by direct or nested PCR, followed by Southern blot 

identification of the amplified sequences. The serum WHY DNA content did not exceed 10 

vge/mL during follow-up and is represented by open bars. The levels ofWHV genomes in 

PBMC are shown as follows: open bars, 0.005 to 0.5 vge/104 cells; light-grey bars, 0.5 to 5 

vge/ 1 o~ cells~ dark-grey bars., 5 to 50 vge/ 104 cells~ and black bars., > 50 vge/ 1 o~ cells. The 

quantities of WHY genomes in liver samples obtained at the time points marked by 

arrowheads were assessed as described above and are expressed as estimated numbers of 

WHY vge per 104 cells. Liver alterations are presented as the histological degree of hepatitis 

ranging from 0 to 3, assessed according to previous work (Hodgson and Michalak, 2001 ). 
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infection negative for WHsAg, anti-WHc and anti-WHs, and for WHV DNA by dot-blot 

hybridization (sensitivity: 2 x 106 vge/mL). Nevertheless, WHV DNA was detected in serum 

and PBMC from day 7 or 14 p.i. in all animals by nested PCR/NAH (Figure 4 .1B). 

Liver biopsies gathered before and at week 6 p.i. from woodchuck 2115/M (injected 

with ----5 x 102WHV vge derived from 3B/M plasma) and from woodchuck 2117/M (injected 

with ---- 1 x 103 vge obtained from 260/M plasma) were entirely non-reactive for WHV DNA 

and had normal histologies (Figures 4.1B and 4.2). However, liver tissue obtained 4 mo later 

displayed WHV DNA at 0.2-2 vge/per 1 04 cells in both animals (Figures 4 .1B and 4.2). These 

virus signals occurred in the absence of liver alterations in 2115/M, while tninitnal 

lymphomononuclear infiltrations and a moderate proliferation of bile ducts were seen in 

woodchuck 211 7 /M. 

Liver samples obtained prior to and at week 6 and 18 p.i. from animal 2120/M, 

injected with ----3 x 102 vge contained within splenocytes of260/M (Figure 4 . 1 A), had normal 

histologies and were virus DNA non-reactive (Figure 4.3). Despite this, autopsy tissues 

collected at week 18 p.i. unveiled WHY confined to the lymphatic system (Figure 4 .1 A), as 

it was observed in animals 3B/M and 260/M (Coffin and Michalak, 1999). Thus, only the 

spleen, lymph nodes and bone marrow of2120/M were WHV DNA reactive at ----5 vge/104 

cells (Figures 4.1B and 4.3), while PBMC carried WHY at ,_0 .05-0.5 vge/104 cells between 

weeks 3 and 16 p.i. (Figure 4.1B). Comparable results were obtained by real-time PCR. 

WHY cccDNA was detected in the spleen and bone marrow of2120/M. WHY preS, S, C 

and X gene sequences from 2120/M spleen and bone marrow did not show alterations 



Figure 4.2. WHV DNA expression in serum, in PBMC, and in liver biopsy samples 

collected from woodchuck 2117/M. This animal was inoculated with WHV derived from 

an animal with neonatally acquired, lymphatic system-restricted POI and was then challenged 

with a massive, liver-pathogenic dose of WHV. Total DNA isolated from liver biopsy 

samples and from parallel PBMC and serum samples obtained prior to inoculation (week -2), 

after inoculation with ~5 x 102 WHV vge from 3 B/M plasma (weeks 6 and 22 p.i.)., and after 

challenge at week 23 p. i. with the WHV /tm3 inoculum at a dose of 1.1 x 1010 WHV vge 

(weeks 6, 29, and 46 after challenge) was tested for WHV DNA by direct and., if negative, 

by nested PCR with WHY C gene-specific primers. The amplicons were detected by 

Southern blot hybridization to rWHV DNA. For contamination controls, water was added 

instead of DNA and the sample was amplified by a direct (D) or nested (N) reaction., as was 

a mock (M) treated sample. The positive controls consisted ofDN A isolated from the serum, 

PBMC, or liver frotn a woodchuck with chronic WHV infection that was positive for serum 

WHsAg. Positive signals showed the expected 623 bp (direct PCR) or 428 bp (nested-PCR) 

nucleotide fragments. 
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Figure 4.3. Analysis ofWHV DNA expression in liver and lymphoid tissues collected 

from woodchuck 2120/M. This animals was inoculated with splenocytes isolated from 

animal 260/M, which had acquired POI after injection with the serum of offspring 3B/M. 

Five-tnicrogram samples of total DNA from liver biopsy specimens collected before (week 

-2) and after (weeks 6 and 18 p.i.) inoculation with splenocytes carrying an estimated 3 x 102 

WHY vge and 1 ~g of DNA from the spleen, bone marrow, or lymph nodes collected at 

autopsy (week 18 p.i.) were tested for WHY DNA by nested PCR with C, S, and X gene

specific primers and by Southern blot analysis of the products derived. Contamination 

controls included samples with water added instead of DNA (N) and a mock (M) that had 

been extracted and treated under conditions identical to those as test DNA samples. Positive 

samples showed the expected molecular sizes of the amplified virus C ( 4 28 bp ), S ( 5 00 bp ), 

and X ( 192 bp) gene fragments. 
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compared with wild-type WHV present in 3B/M spleen and in two liver biopsies obtained 

from its mother (dam B) before and after parturition (Coffin and Michalak, 1999). 

4.3.2 Low-doses of wild-type WHV cause occult lymphatic system-restricted infection 

To recognize the viral prerequisite initiating POI, normal adult woodchucks were 

injected with increasing doses of a serum-derived inoculum that carried homogenous, wild

type WHY genome (i.e., WHY/tm3 inoculum) (Figure 4 .4). This experiment revealed that 

WHY doses equal or below 1 x 103 virions caused POI with WHY DNA in serum, PBMC 

and lymphoid tissues, but not in the liver (Figure 4.4), even when 5 J..Lg of total liver DNA was 

used for direct PCR amplification. Conversely, all animals infected with doses > 1 x 1 03 

virions developed AH with WHY DNA readily detectable in the liver and lymphoid cells. 

Thus, woodchucks 1/F, 2/F and 3/F (injected with --10 virions) became serum WHY DNA 

positive from day 7 p.i. at 10-102 vge/mL and the animals carried virus in PBMC from weeks 

2 to 3 p.i . onwards at 0 .05-0.5 vge/104 cells (Figure 4 .4B). These loads were confirmed by 

real-time PCR, in situations when WHV DNA signals could be detected by this technique. 

WHsAg and anti-WHc in serial sera (Figure 4 .4B) and WHY DNA in liver samples collected 

at week 6 and 12 p.i. from these animals were non-reactive (Figures 4.4B and 4.5). WHY 

cccDNA was detected in PBMC from 2/F and 3/F at week 8 or 10 p.i. (Figure4.6) and WHY 

sequence identical to that in WHY /tm3 inoculum was identified in these cells. Animal l IF, 

euthanised at week 18 p.i. (Figure 4.4), had POI and carried WHY DNA at 0.05-0.5 vge/ 10~ 

cells in bone marrow and in PHA-stimulated splenocytes. WHY cccDNA was detectable at 



Figure 4.4. Serological and molecular profiles of WHV infection in woodchucks 

injected with increasing doses of a wild-type WHV and then challenged with a massive 

dose of the same inoculum. Healthy, initially WHY naive woodchucks were injected (week 

0) with the indicated amounts (vge) of the serum-derived WHY/tm3 inoculum. At week 18 

p.i., the animals (except 1/F) were challenged with the same WHY/tm3 inoculum at a dose 

of l.1 x 1010 vge, known to normally induce AH in naive animals. (A) Detection of serum 

WHsAg (II) and anti-WHc (0). Anti-WHs were transiently identified in 5/F, 6/M, and 7/F 

after the clearance of WHsAg from serum following primary WHY inoculation and in 2/F, 

3/F, and 4/M after challenge with a dose of 1. 1 x 1 010 vge (not shown). (B) Detection of 

WHY DNA in sequential serum, PBMC, and liver samples. Estimated WHY vge levels 

detected in serum are depicted as follows: open bars, 1 to 10 vge/mL~ light-grey bars, 1 0 to 

102 vge/mL~ dark-grey bars, 102 to 103 vge/mL~ and black bars, >103 vge/mL. WHY DNA 

quantities identified in PBMC are shown as follows: open bars, 0.005 to 0.5 vge/104 cells: 

light-grey bars, 0. 5 to 5 vge/ 104 cells~ dark-grey bars, 5 to 50 vge/ 104 cells~ and black bars, 

>50 vge/ l o~ cells. Likewise, the levels of WHY DNA detected in liver biopsy or autopsy 

samples at the time points indicated by arrowheads were shown as the estimated number of 

WHY vge/ 1 04 cells. 
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Figure 4.5. WHV DNA detection in serum, PBMC, and liver tissue samples collected 

from woodchuck 3/F. This animal was injected with a dose of 10 WHY vge of the 

WHY /tm3 inoculum., and subsequently challenged with a massive dose of the same inoculum. 

DNA extracted from parallel serum, PBMC, and liver biopsy samples obtained prior to 

inoculation (week -12 ), after inoculation with -1 0 vge of WHY (weeks 6 and 12 p. i. ), and 

after challenge at week 18 p.i. with 1010 vge ofthe WHV/tm3 inoculum (weeks 6, 36, and 48 

after challenge) were assayed for WHY DNA by direct or nested PCR by using the C gene

specific primers and Southern blotting for the detection of amplified sequences. Relevant 

DNA samples from a WHsAg-positive chronic carrier were included as positive control, and 

samples with water added instead of DNA (D and N) and a mock-treated sample (M) 

extracted in parallel with test samples were used as negative controls. Hybridization signals 

showed the expected 623- or 428-bp band. 
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Figure 4.6. WHV DNA detection in sequential liver biopsies obtained from animals 

4/M and 5/F. These animals were infected with 103 WHY vge per dose prior to challenge 

with a liver pathogenic dose ofWHY/tm3 inoculum. DNA extracted from liver samples taken 

before and after inoculation with WHY (weeks 6 p.i. and 12 p.i.) were assayed for WHY 

DNA by nested PCR/NAT using C and S gene-specific primers. As contamination controls, 

water was added instead of DNA and the sample was amplified by a direct PCR and, if 

required, a nested (N) reaction, as was a mock (M) prepared and treated under conditions 

identical to those for test DNA samples. The positive controls consisted of DNA isolated 

from the liver of a woodchuck with serum WHsAg-positive chronic WHY infection and show 

the expected amplicon sizes for WHY C (432 bp) and S (500 bp) gene fragments. 
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the same locations. The preS, S., C and X sequences of WHY occurring in splenocytes and 

plasma of this animal were identical with those in WHY/tm3 inoculum. 

Interestingly, 4/M and 5/F (injected with 1 x 103 vge) produced contrasting profiles 

of WHY infection. While animal 4/M established POI, woodchuck 5/F developed serum 

WHsAg-positive AH with WHY DNA detectable in serum, PBMC and liver (Figure 4.4). 

Interestingly, the development of AH, and protection from subsequent WHY infection (see 

Section 4 .3.3), seemed to be related to the prolonged presence of WHY DNA in the liver 

before the time of challenge. WHY DNA was detectable at week 6 p.i. in animal 5/F, but was 

not evident in animal4/M untill2 weeks p.i . (Figure 4 .6). Nevertheless, WHY cccDNAgave 

comparable density signals in PBMC samples from both animals obtained at week 12 p.i. 

(Figure 4 . 7) and WHY sequences in these cells were identical. In the remaining four animals 

inoculated with doses> 1 x 103 vge, serologically evident AH developed (Figure 4.4A). The 

disease was self-litniting in three anitnals, while 8/F established serum WHsAg-positive CH 

superseded by HCC. In recovered woodchucks 5/F, 6/M, 7/F and 9/F, low levels ofWHV 

persisted in their sera, PBMC and livers to the end of follow-up, (Figure 4.4B), as expected 

(Michalak eta/., 1999~ Michalak, 2000~ Hodgson and Michalak, 2001 ). 

4.3.3 Primary occult WHV infection does not protect from superinfection 

Woodchucks 2115/M, 2117/M, 2/F, 3/F and 4/M with POI and animals 5/F, 6/M, 7/F 

and 9/F which recovered from AH were challenged with WHY /tm3 inoculum at 1. 1 x 1 010 

DNase-protected vge. After challenge, ailS animals with POI developed serologically evident 



Figure 4. 7. Detection of WHV cccDNA in representative samples of PBMC obtained 

from woodchucks after inoculation with various doses of the WHV /tm3 inoculum but 

prior to challenge with a massive, liver-pathogenic dose of the same virus. Total DNA 

isolated frotn PBMC was digested with mung bean nuclease to eliminate WHY DNA

interrupted molecules and to amplify the DNA with PCR primers spanning the nick region of 

the WHY genome. Nested PCR products were analysed by Southern blot hybridization to 

confinn the molecular size (674 bp) and WHY specificity. Contamination controls included 

a sample with water added instead of DNA (N) and a mock-treated sample (M). Mung bean 

nuclease-treated DNA frotn the PBMC of a healthy woodchuck (H) was used as a negative 

control. 
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AH (Figures 4.1B and 4.4). Noticeably, the disease was transient in all cases and was 

followed, as expected, by a residual WHV persistence in both the liver and lymphoid cells. 

Not surprisingly, animals 5/F, 6/M, 7/F and 9/F were not susceptible to WHV challenge with 

a liver-pathogenic virus dose (Figure 4.4), as previously observed (Michalak eta/., 1999). 

4.4 DISCUSSION 

In this report, we show for the first time that the lymphatic system, not the liver, is 

the primary target of hepadnavirus when small quantities of virions invade the host . This 

tropism appears to be an intrinsic property of a wild-type virus. The infection produced is 

undetectable by immunovirological assays, is persistent, is transmissible to virus-naive hosts, 

does not induce immunoprotection, and, although initially confined to the lymphatic system, 

tnay with time spread to the liver. We found that the quantity of the invading virus is critical 

in determining whether the primary infection is occult, restricted to the lymphatic system or 

serologically apparent, involving the liver and causing hepatitis. In the WHV model, amounts 

below or near 103 virions induce POI independently of whether the virus is transmitted from 

a host with established occult, lymphatic system-confined infection or from an animal with 

classical, serum WHsAg-positive CH. The present study provides new insights to the natural 

history of hepadnaviral infection and consolidates previous observations implying that an 

asymptomatic, serologically silent infection might be procured from an exposure to a low 

virus dose (Liang et a/., 1990; Chu and Lok, 2002; Leblebicioglu eta/., 2002~ Shiao et a/., 

2002). 
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Previous reports have implied that lymphoid cells are an invariable site of propagation 

of biologically competent WHY, even when the liver remains unaffected (Coffin and 

Michalak, 1999~ Lew and Michalak, 2001 ). This study directly proves this concept. It also 

delineates molecular and immunovirological properties of POI. These characteristics are 

significantly distinct from those of SOl that endures in humans and woodchucks after 

recovery from hepadnaviral hepatitis (Michalak et a/.., 1994~ Rehermann et al. , 1996b~ 

Michalak et al., 1999~ Michalak, 2000~ Yuki et al., 2003). Thus, contrary to SOl, where 

protracted WHY replication occurs both in the liver and in the lymphatic system and where 

circulating anti-WHc and anti-WHs., but not WHsAg., are detectable (Michalak et al., 1999~ 

Michalak, 2000), POI is limited to the lymphatic system and is not accompanied by 

irnmunovirological indicators of WHY exposure. However, in both POI and SOl, WHY 

persists at comparable levels in serum ( < 100 vge/mL) and lymphoid cells ( < 103 vge/tJ.g total 

DNA). 

The absence of WHY in hepatic tissue of the animals infected with WHY at doses 

lower than or equal to 103 vge was confirmed by repeated nested PCR/NAH analysis of 

tnultiple DNA preparations obtained from these livers, including testing as much as 5 tJ.g of 

total liver DNA in the direct run of the PCR. Although the potential existence of minuscule 

amounts ofWHV DNA in intrahepatic lymphoid cells and/or residual blood within the tissue 

samples examined cannot be completely excluded, these virus traces, if occurring, were not 

detectable by highly sensitive assays applied in this study. To provide a definite answer 

whether intrahepatic lymphoid cells carry virus during POI, isolation of these cells from the 
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appropriate livers, their expansion in vitro, and analysis for expression of WHV DNA and 

virus genome replication intermediates will be required. 

Animals with POI were not protected from WHV challenge and developed a transient 

episode of AH. This is consistent with our previous observations in offspring born to dams 

convalescent from WHV hepatitis (Coffin and Michalak, 1999) and in adult animals 

inoculated with low WHY doses (Lew and Michalak, 2001). On the other hand, this 

contrasts with the current (Figure 4.4) and previous (Michalak et al., 1999) findings in 

woodchucks with SOl which were unresponsive to challenge with the identical dose of the 

same WHY pool. This apparent discrepancy between the minuscule persistent replication of 

virus, susceptibility of the animals to reinfection, and their consistent ability to effectively 

terminate hepatitis induced by superinfection might be explained by the possibility that 

infection with small virus amounts induces a specific immune response capable of forming 

memory. This response, although too weak to protect against challenge with a large virus 

dose, may have, due to continuous virus encounters, adequate recollection to mount a strong 

response capable of limiting liver disease produced by the reinfection. 

The prerequisite virus characteristics governing establishment of the POI in the 

woodchuck have been clearly defined in this study. The quantity of virus usually not 

exceeding 103 vge was found to be decisive. However, while doses below 103 virions 

consistently induced POI, doses of,..., 103 vge caused either POI (i.e. , animal 4/M) or AH (i.e. , 

animal 5/F). Also, amounts slightly above 1 03 vge (e.g. , ,..., 1 x 104 vge in 260/M) occasionally 

produced POI. This suggests that the outcome of infection with borderline WHV quantities 
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(i.e., 1 03-1 o~ virions) is influenced not only by virus dose but also by the host milieu. 

The present study reveals a significant difference (presumably 100 to 1 000-fold) in the 

threshold of virus required to infect lymphoid cells or that required to infect hepatocytes. It 

is evident that WHY, at least at low doses, is predisposed to infect the host's lymphatic 

system, but the nature of this tropism is not yet fully explained (Jin et a/., 1996~ Michalak, 

2000) . It is also unknown whether the same hierarchy in tissue tropism exists in infection 

with a large, liver pathogenic dose(> 104 virions). This can be tested by determining the initial 

site ofWHV invasion and replication using lymphoid cells and liver biopsies serially collected 

after inoculation with such a dose but prior to appearance of hepatitis. This approach tnay 

also elucidate the fate of virus during the long incubation period that typically precedes 

hepatitis. 

The pathogenic and epidemiological impacts ofPOI need to be determined. However, 

since this state is associated with trace propagation of infectious virus and viral loads similar 

to those in the silent infection persisting after resolution of hepatitis (i.e. , SOl), the expected 

consequences might also be similar. Since, virus can spread from the lymphatic system to the 

liver with titne, it might also potentially be the cause of cryptogenic hepatic pathology. 

Because HB V and WHY are highly compatible in their pathobiological properties, this data 

likely represents the blueprint for a human situation when low HBV doses invade a 

susceptible individual. 
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CHAPTER 5: Multiple Passage of Wild-Type WHV in Lymphoid Cells Does Not 

Alter Virus Genome Sequence or In Vivo Infectivity 

SUMMARY 

As our previous study showed, although a dose of invading virus appears to be a major factor 

in determining whether WHV infection is restricted to the lymphatic system or also engages 

the liver, the nature of WHY lymphotropism remains unclear and a role for a specific 

lymphotropic variant cannot be excluded. The availability of woodchuck lymphocyte and 

hepatocyte cultures susceptible to WHY infection allow investigation of this issue in vitro. 

In this study, we hypothesized that a repeated passage of wild-type WHV in lymphoid cells 

should lead to enrichment of a lymphotropic virus variant, if in fact it exists. For this purpose, 

WHY inoculum carrying a wild-type, homogenous WHY sequence was generated by 

culturing in vivo infected splenocytes, while PBMC from a single healthy woodchuck and a 

normal woodchuck WCM-260 hepatocyte line were used as WHY infection targets. The 

repeated serial passage of the splenocyte-derived virus for up to 13 consecutive times in both 

cell types did not lead to the emergence of WHY cell-type specific variants. Moreover, the 

passaged virus remained infectious when injected into healthy woodchucks. The results 

demonstrated that WHV lymphotropism is unlikely a consequence of the existence of specific 

lymphotropic viral variant, but is a natural propensity of a wild-type hepadnavirus. 
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5.1 INTRODUCTION 

It is now accepted that hepadnavirus is capable of replication not only in hepatocytes 

but also in cells of the immune system and that infection of lymphoid cells persists for life. 

In terms of symptomatic chronic HB V infection, which is characterized by continuous 

presence ofHBsAg in serum and chronic liver necroinflammation, lifelong persistence of virus 

has been shown in both the liver and cells of the lymphatic system. However, the liver and 

lymphoid cells have also been found to be the sites of HB V replication in serum HE sAg

negative patients who recovered from AH when sensitive PCR-based assays were applied to 

detect the virus genome (Michalak et al., 1994~ Rehermann et a/.,1995 ~ Penna et a/. ,1996~ 

Yotsuyanagi el a/., 1998; Cabrerizo eta/., 2000; Blackberg and Kidd-Ljunggren, 2001 ). This 

occult form of HB V carriage might be a source of infectious virus available for transmission 

to healthy individuals through blood transfusion or organ donation. In this regard, recent 

retrospective studies of individuals with HCC of unknown etiology showed that low levels 

of HB V genome occurred in 63 .5% of liver tissue samples tested and, in some cases, virus 

DNA integration into the hosts ' s genome was detected (Pollicino eta/., 2004). This shows 

that traces of HBV, only detectable by highly sensitive methods, retain its pathogenic and 

oncogenic potential. 

Most recent studies employing the woodchuck-WHY model have shown the existence 

of two distinct forms of occult hepadnaviral infection, POI and SOl (Michalak et al. , 2004 ). 

The occult virus persistence in the SO I form associated with development of HCC in about 

20o/o of the animals affected (Michalak et a/., 1999). It remains to be determined whether 
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persistent POI could also be accompanied by the development ofHCC. We have also shown 

that transmission of minute amounts of virus from dams with SOl continuing after SLAH to 

their offspring led to the establishment of POI (Coffin and Michalak, 1999). POI is also 

developed when an animal is inoculated intravenously with less than 103 virions (Chapter 4 ~ 

Michalak eta/., 2004). In the above situations, lymphoid cells were infected, but the liver was 

not engaged. The results of our studies suggested that this extrahepatic form of WHY 

infection was not due to the invasion with organ-specific viral variants, but rather a 

consequence of infection with a low dose of virus. 

However, the reason behind the development of lymphoid cell-restricted WHY 

infection is not fully explained. In order to account for the possibility that a relatively minor 

subpopulation of WHY might be responsible for preferential infection of the lymphatic 

system, we serially passaged splenocyte-derived virus in virus-naive lymphoid cells in an 

attempt to enrich any potentially existing cell-specific virus variants. For this purpose, we 

developed a reproducible in vitro system whereby WHY could be transmitted to normal 

lymphoid cells and hepatocytes. The results showed that the infectivity of hepadnavirus 

towards cells of the lymphatic system is an inherent property of wild-type virus and it is not 

due to the existence or emergence of a viral variant in the core or S genes. As well, WHY 

obtained after multiple serial passage in either lymphoid cells or hepatocytes remained 

infectious to healthy animals. The serological and molecular profiles the infection induced 

correlated with the dose of virus administered, but not with the cell type from which the virus 

originated. 
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5.2 MATERIALS AND METHODS 

5.2.1 Animals 

Three animals chronically infected with WHV with comparable loads of WHV in 

serum (---1 010 vge/mL) were used to obtain virus-infected splenocytes. Thus, WM. A chronic 

WHY carrier was infected in the wild and had sustained serum WHsAg-reactive infection 

during the 30-mo period before autopsy. The splenocyte culture supernatant from this animal 

was used for preliminary passage experiments 1 and 3 (Table 5.1). Two other animals, WF.B 

and WM.C, were i.v. infected with WHY in our colony. Both animals developed classical, 

serum WHsAg-reactive CH, which was confirmed by histological examination of liver 

biopsies. Thus, animal WF .B was infected with ~ 106 DNase-protected WHV vge using 

WHV/tm3 inoculum (see Section 4.2). This animal became serum WHsAg-positive at 1 mo 

p.i. and the antigen persisted for its lifetime. The splenocytes from WF.B were used for the 

preliminary passage experiments 2 and 4 (Table 5.1). Animal WM.C developed chronic 

WHV infection after inoculation with WHY /tm2 inoculum (see Appendices A. 4-5) containing 

---- 1010 DNase-protected WHY vge. The full WHY genome sequence obtained from the liver, 

spleen and serum ofWM.C, whose serum subsequently served as WHV/tm3 inoculum, was 

determined to be wild-type and the same at all three locations tested (see Section 4.2). 

WM.C splenocyte culture supernatant was used for the WHV serial passage experiments 5 

and 6 (Table 5.1 ). 

In addition, a healthy animal, L 10, provided PBMC for in vitro WHY infection 

experiments described in this study. Also, two healthy animals, WF.1 and WF.2, were used 
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Table 5.1 WHV passage experiments performed in the course of this study 

Experiment 

1 

2 

3 

4 

5A 

5B 

6A 

6B 

Animal/Source of 
WHV Inoculum 

WM.A 

WF.B 

WM.A 

WF.B 

WM.C 

WM.C 

WM.C 

WM.C 

WHV Cell Target 

lymphoid cells 

lymphoid cells 

lymphoid cells 

lymphoid cells 

lymphoid cells 

hepatocytes 

lymphoid cells 

hepatocytes 

Number of 
WHV passages 

3 

3 

3 

3 

13 

12 

13 

12 
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to examine the in vivo infectivity of WHV recovered after multiple passages in either 

lymphoid cells or hepatocytes, i.e., following experiments SA and 6B, respectively (Table 

5.1 ). Randomly selected samples of sera, PBMC and liver biopsies collected prior to the 

inoculation of these animals were negative for serological markers of WHV infection, i.e., 

WHsAg, anti-WHc and anti-WHs, and for WHV DNA, as described in Section 2.2.1. 

5.2.2 Cells 

Splenocytes, composed of mainly lymphocytes, were isolated from WM.A, WF.B and 

WM. C using a metal 50-mesh cell dissociation sieve. After separation through a Ficoll-Paque 

gradient (Pharmacia Biotech) (Jin eta/., 1996~ Michalak eta/., 1994), splenocytes were 

DNase/trypsin/DNase-treated, as described in Section 2.4 . PBMC were isolated from LlO 

animal on Ficoll-Paque density gradient, as outlined in Section 2.2.3 . These PBMC were used 

as infection targets in the passage experiments. 

Normal woodchuck hepatocytes, WCM-260, were used as control WHV infection 

targets for experi1nents SB and 6B. This cell line was derived from hepatocytes isolated from 

a liver biopsy of a healthy adult animal by two-step collagenase microperfusion (Diao et al. , 

1998). WCM-260 were propagated in gelatin-coated flasks in hepatocyte medium consisting 

of 80o/o Hepato-STIM medium with 10 ~M dexamethasone (Becton Dickinson), epidermal 

growth factor ( 10 ng/mL~ Becton Dickinson), L-glutamine (2 mM), penicillin (50 ~g/mL ), 

and streptomycin (50 ~g/mL ), supplemented with 20% ( vol/vol) HepG2 cell culture 

supernatant (Diao eta/., 1998; Churchill and Michalak, 2004). 
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5.2.3 Preparation of splenocyte-derived WHV inocula 

Splenocytes from WM.A, WF.B and WM.C treated with DNase/trypsin/DNase

treated (Section 2.4) were washed three times in HBSS and spun down at 320 x g . Then, 

they were supplemented with 5 mL ofhepatocyte culture medium at ,....,3 x 106 cells/mL and 

cultured in a 25-cm2 tissue culture flask (Corning Costar Corp., Cambridge, Mass). 

Supernatants obtained after 72-h culture ofsplenocytes from WM.A and WF.B were used as 

inocula for preliminary passage experiments 1-4. The splenocyte-derived WHY from WM.C 

animal was prepared by culturing the cells for 12 days, with culture medium collected every 

72 h. The supernatants were pooled and used as inoculum in experiments 5 and 6. One-mL 

samples of all splenocytes supernatants were preserved for WHY DNA analysis. 

Supernatants predestined for in vitro infection experiments were stored at 4°C for no longer 

than 7 days. In some cases, splenocyte-derived supernatants were subjected to digestion with 

DNase to exatnine the presence of enveloped-protected WHY virions, as described before 

(Michalak eta/., 1994). 

5.2.4 Multiple passage of splenocyte-derived WHV in naive lymphoid cells and 

hepatocytes 

Naive woodchuck PBMC (--1 x 107
) or WCM-260 hepatocytes (,....,9 x 105

) were 

seeded 24 h prior to infection in 25-cm2 tissue culture flasks in 5 mL hepatocyte culture 

medium. Then, the medium was removed and replaced with 4 mL of splenocyte culture 

supernatant (i.e. , lytnphoid cell-derived WHY~ ,....,3 x 105 vge) supplemented with 1 mL of fresh 
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hepatocyte culture medium. The cells were incubated for 18 h at 3 7°C in a humidified So/o 

C02 atmosphere. The inoculum was removed and the cells were treated with 

DNase/trypsin/DNase to remove any cell-surface attached virions or WHY DNA (Section 

2.4), washed, resuspended in 5 mL of fresh hepatocyte culture medium, cultured for 72 h, and 

harvested. Both adherent and non-adherent lymphoid cells were collected. Hepatocytes were 

removed by brief treatment with trypsin-EDT A (Invitrogen). Four-mL samples of 

supernatants from lymphoid cell or hepatocyte cultures were used for inoculation of naive 

cells in the next passage, while 1 mL was preserved for analysis. Cells were 

DNase/trypsin/DNase-treated and washed three times in HBSS before storage. Final cell 

washes were saved for WHY DNA analysis to ensure complete removal of extracellular virus 

rnaterial . In preliminary experitnents 1-4 (Table 5. 1 ), using splenocyte culture supernatants 

prepared from animals WM.A and WF.B, three consecutive passages of the virus (twice for 

each of the two inocula) were carried out. For multiple passage experiments (i.e., 12-13 

passages), splenocyte-derived inoculum from WM.C animal was used (Experiment 5 and 6~ 

Table 5. 1 ). For each of the experiments, culture supernatants obtained from infected cells 

from the previous passage were used to infect naive lymphoid cells or WCM-260 hepatocytes 

in the next passage. 

5.2.5 Detection of WHV DNA and cccDNA 

WHY DNA content in lymphoid cells, hepatocytes, cell supernatants, and cell washes 

was determined using direct and, if required, nested PCR followed by Southern blot 



162 

hybridization analysis of amplified products, as previously described (Sections 2. 7 and 2. 9). 

In brief, DNA was extracted from lymphoid cells, hepatocytes or from 200 tJ.L of cell culture 

supernatants by proteinase K digestion, phenol-chloroform extraction, and ethanol 

precipitation (Section 2.5). For standard PCR detection of WHY DNA, total DNA from 200 

J..LL of cell culture supernatant or 1 tJ.g of DNA from lymphoid cells or hepatocytes was 

amplified using primers specific for WHY C, S, or X gene sequences, as outlined in Section 

2. 7 and Figure 2.1. Amplified WHY DNA was analysed by agarose gel electrophoresis and 

hybridized to complete rWHY DNA as a probe (Section 2.9). 

In some cases, real-time PCR using the Roche Light-Cycler (Roche Diagnostics) was 

employed to quantify the amount of WHY DNA in culture supernatants (Section 2.8). 

WHY cccDNA in cultured lymphoid cells and hepatocytes was detected as outlined 

in Section 2. 7.2. 

5.2.6 Preparation of culture supernatants from the final WHV passage in lymphoid eels 

or hepatocytes 

In order to collect the entire amount of WHY produced after the final passage of virus 

in either lymphoid cells or WCM-260 cells from experiments SA and 6B, respectively, culture 

supernatants were ultracentrifuged at 200,000 x g for 24 h at 4°C in a Beckman SWSO.l 

rotor. The pellet was resuspended in 500 tJ.L of PBS and a 100 tJ.L-sample was retained for 

DNA extraction and WHY DNA quantitation. 
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5.2. 7 Inoculation of woodchucks with WHV recovered after multiple serial passage in 

lymphoid cells or hepatocytes 

Animals WF.1 and WF.2 were i.v. injected with concentrated WHY derived from the 

final passages obtained after experiments 5A and 6B. The WHY DNA content in these 

inocula was determined by real-time PCR (Section 2.8). Subsequently~ --1.5 x 104 vge from 

WHY-infected lymphoid cell culture supernatant (experiment 5A) and --8.8 x 102 vge from 

that of infected hepatocytes (experiment 6B) were i.v. injected into WF. l and WF.2, 

respectively. Serum and PBMC samples were collected prior to the inoculation~ weekly for 

up to 10 weeks p.i. and, then, biweekly. Liver biopsies were obtained prior to infection and 

at 6 weeks p.i., as described in Section 2.2.4. Animals were monitored for up to 7 mo p.i. by 

testing of serological markers of WHV infection and for WHY DNA content in the serum~ 

PBMC, and liver biopsies. WHY DNA presence was also determined in the lymphatic organs 

and the liver collected at autopsy. 

5.2.8 WHV DNA sequencing 

WHY C and S gene fragments generated by PCR were directly sequenced using 

WHY -specific primers and the Fn1ol sequencing kit, as outlined in Section 2. 11 . All 

sequences were aligned with the published WHY sequences reported in GenBank, including 

those identified in our studies in the serum (WHY/tm3 inoculum)~ spleen~ and liver ofWM.C 

(see Section 4 . 2 ~ Michalak eta/., 2004). 
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5.3 RESULTS 

5.3.1 WHV -infected splenocytes secrete virus in culture 

Splenocytes isolated at autopsy from WM.A, WF.B and WM.C chronically infected 

with WHV, which had comparable WHV loads in serum, were treated with 

DNase/trypsin/DNase to eliminate potentially cell surface attached virions or virus DNA 

fragments. To ensure comparable conditions for in vitro WHV infection of lymphoid cells 

and WCM-260 hepatocytes, both cell types were cultured in hepatocyte culture medium 

containing 10 ~M dexamethasone. This hormone has been previously shown to upregulate 

WHY DNA displayed in infected lymphoid cells when compared to cells maintained in its 

absence (Lew & Michalak, 2001). We also found that naturally infected woodchuck 

splenocytes can be cultured for at least 12 days without significant alterations in their viability, 

extending earlier findings showing no loss in the cell viability for up to 6 days (Lew & 

Michalak, 2001 ). 

It was determined by real-time PCR that each of the splenocyte supernatants collected 

after 72-h culture contained WHV DNA at comparable levels ,_3 x 105 vge/m.L. 

In experiments 5 and 6, splenocytes isolated from WM. C animal were used as a source 

of lymphotropic WHY. The virus occurring in this animal was well-characterized in our 

previous studies (Section 4.2) and was proven to be infective and oncogenic to woodchucks. 

As previously mentioned, the full WHV genomic sequences from the serum, liver, and spleen 

of this woodchuck were analysed and confirmed to be wild-type and identical to each other. 

As indicated in Section 5.2.3, to generate a pool of splenocyte-derived WHY from WM.C, 
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supernatants from the splenocyte culture were collected every 72 h for 12 days. As shown 

in Figure 5.1A, the amount of virus released increased over the course ofthe 12-day culture, 

except in the second stimulation interval (i.e., 6-day culture). Using real-time PCR, WHY 

load detected in the pool of supernatants collected during 12-day culture was --3 x 1 05 

vge/mL. Importantly, the amount of virus remained essentially the same after DNase 

digestion, indicating that WHY DNA detected was encapsidated in virions (Figure 5. I B). 

5.3.2 Splenocyte-derived WHV is infectious to naive lymphoid cells 

Figure 5.2 outlines the overall scheme used to serially transmit splenocyte-derived 

WHY in either virus-naive lymphoid cells or WCM-260 hepatocytes. As previously 

mentioned, we assumed that a lymphoid cell type-specific variant, if it exists, should be 

enriched after multiple passage in lymphoid cells, allowing its detection more readily. WCM-

260 hepatocytes served as a control, since it was established before that they are susceptible 

to WHY infection in vitro (Lew and Michalak, 2001). 

Preliminary experiments 1-4 (Table 5 .2) were conducted to establish the conditions 

for lymphoid cell infection using culture supernatants from splenocytes ofWM.A and WF.B 

as inocula and freshly isolated virus-naive lymphoid cells as targets. In these preliminary 

experiments, three sequential passages ofWHY were performed. Table 5.2 illustrates WHY 

DNA detection in both infected lymphoid cells and their supernatants. As shown, almost all 

cells and supernatants exarnined were WHV DNA reactive, indicating that the virus released 

to the culture supernatant was capable of transmitting WHY infection from one lymphoid cell 



Figure 5.1. (A) Detection of WHV DNA in supernatants collected at 72-h intervals 

during culture ofWHV -infected splenocytes isolated from WM.C. 1. 7 x 107 splenocytes 

derived from WM.C chronic WHY carrier were treated with DNase/trypsin/DNase, cultured 

for 12 days, with supernatants collected every 72 h, as described in Materials and Methods. 

DNA was extracted from 200-~L supernatant samples and assayed for WHY DNA by direct 

PCR with WHY C gene-specific primers. Serial 10-fold dilutions of complete rWHV DNA 

were used as quantification standards. Numbers under the panel represent the relative 

densitometric units (DU) given by the hybridization signals. (B) DNase-treatment of cell 

supernatants. 100-mL sample of pooled supernatants from WM.C splenocyte culture were 

either DNase-treated (T) or not (NT) prior to DNA extraction to determine the presence of 

envelope-protected WHY virions. As a control for DNase digestion, 1 ng of rWHV DNA 

was resuspended in healthy woodchuck serum and was either digested or not with DNase 

before DNA extraction. As the positive control, serum from a WHsAg-positive animal 

chronically infected with WHY ( CH) was used. Contamination controls consisted of water 

(DW) added to the direct PCR instead of DNA and a mock extracted sample (M). All 

samples were amplified by direct PCR using WHY C gene-specific primers. Specificity and 

tnolecular size ( 623 bp) of amplicons were determined by Southern blot hybridization. 
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Figure 5.2 Schematic outline of methodology used for serial passage of 

splenocyte-derived WHV in woodchuck lymphoid cell or hepatocyte cultures. 

Virus-na"ive lymphoid cells or WCM-260 hepatocytes exposed 
to -3 x 105 vge of splenocyte-derived WHV for 18 h 

~ 
WHV inoculum removed, cells DNase/trypsin/DNase-treated and washed 

~ 
Cells cultured for 48 h and washed 

Cells treated with 
DNase/trypsiniDNase 

~ 
Detection of WHV DNA and cccDNA 

Supernatant used as 
WHV inoculum 

~ 
Detection of WHV DNA 

X 3-13 



Table 5.2 Detection of WHY DNA in lymphoid cells after each of three sequential passages of splenocyte-derived WHY 
prepared from two woodchucks with chronic WHY hepatitis 

Experiment 

1 

2 

3 

4 

Animal/ 
Source of 

WHV 
Inoculum 

WM.A 

WF.B 

WM.A 

WF.B 

Cells a 

-5 X 104 

- 5 X 104 

-5 X 104 

--5 X 104 

1 

S upernatantb 

-1 X 103 

--1 X 103 

--1 X 103 

--1 X 103 

a Presented as WHY vge detected in - 5 x 106 lymphoid cells 

Passage Number 

2 

Cellsa Supernatantb 

n.d.c 

--5 X 102 

n.d. 

--5 X 102 

n.d. 

n.d. 

- 1 X 102 

--1 X 102 

b Presented as WHV vge detected in total volume of supernatant 
c n.d., not detected 

Cell sa 

- 5 X 102 

n.d. 

--5 X 103 

- 5 X 102 

3 

Supernatantb 

--1 X 102 

n.d. 

n.d. 

n.d. 

,__. 
0\ 
\0 
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culture to the next. However, the virus quantities produced during these short sequential 

passage experiments were relatively low (i.e., in total ~ 104 vge per passage experiment), and 

at certain passages, i.e., passage 2, WHV DNA levels were near the detection limit of the 

nested PCR/NAH assay, as shown for experiment 1 in Figure 5.3 (Table 5.2). Nucleotide 

sequence analysis of the WHV C and S gene fragments amplified from the initial inoculum, 

and the lymphoid cells and their supernatants obtained after the third passage from 

experiments 1 and 3 showed identical sequences, implying that no cell type-specific WHV 

variant(s) had arisen. 

5.3.3 Multiple serial passage of lymphotropic WHV in lymphoid cells or hepatocytes 

does not lead to the emergence of cell type-specific virus mutations 

Since three consecutive passages of splenocyte-derived WHV in lymphoid cells did 

not lead to the appearance of cell-specific variants, we aimed to continue WHV passage in 

both lymphoid cells and in control hepatocytes for a longer period of time. For these long

term experiments, we used WHY derived from splenocytes ofWM.C chronic carrier (Table 

5.1). In these experiments, ~3 x 105 WHY vge was used for the direct (first round) infection. 

WHY passaged 12 or 13 times in lymphoid cells (experiments 6A and SA~ Table 5.3) 

or in hepatocytes (experiments 6B and 5B~ Table 5.4) continued to maintain its infectivity in 

both cell types until the end of the experiment. Shown in Figure 5.4 is the detection ofWHV 

sequences amplified after selected virus passages in either lymphoid cells (Figure 5.4A),or 

hepatocytes (Figure 5.4B), and in corresponding culture supernatants, using PCR and 



Figure 5.3. Detection ofWHV DNA in lymphoid cells and their supernatants collected 

after 3 serial passages of splenocyte-derived WHV from woodchuck WM.A. 2 x 107 

splenocytes (SPL) isolated from WM.A were treated with DNase/trypsin/DNase and cultured 

for 72 has described in Materials and Methods. The splenocyte culture supernatant (sSPL) 

was then passaged to virus-na·ive freshly isolated PBMC. Exposed cells and their culture 

supernatants were collected after 72-h culture. DNA was extracted from 1 x 106 cells or 200-

tnL supernatant samples and assayed for WHY DNA by direct and nested PCR with WHY 

C gene-specific primers. Serial 1 0-fold dilutions of complete rWHV DNA were used as 

quantification standards. Water added to direct PCR (DW) and nested PCR (NW) instead 

of test DNA and a mock (M) prepared and treated as test DNA were used as contamination 

controls. Amplicons of 428 bp were detected by Southern blot hybridization with complete 

rWHV DNA probe. Relative DU values given by the hybridization signals are marked under 

the panel. 
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Figure 5.4. Detection of WHV DNA in cultured lymphoid cells and WCM-260 

hepatocytes and in their culture supernatants obtained after serial passage of WHV 

originating from WM.C splenocytes. DNA extracted from cells (C) and supernatants (S) 

were amplified with primers specific for either WHY C, S, or X gene by direct PCR and, if 

required, nested PCR followed by NAH. WHY passaged in (A) lymphoid cells and (B) 

WCM-260 hepatocytes and recovered after passages 1, 3, 5, 7, and 12 are shown. 

Contamination controls consisted of water added to direct PCR (DW) and nested PCR (NW) 

instead of test DNA, and a mock (M) prepared and treated as test samples. Serum from a 

WHsAg-positive chronic WHY carrier served as a positive control. Arrows indicate the 

tnolecular sizes for WHY C (direct, 623 bp~ nested, 428 bp), S (direct, 1277~ nested, 500 bp), 

or X (direct 3 86; nested, 192 bp) gene fragments. 
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primers specific for the virus C, S, and X genes. There was no significant increase in the 

overall titre of WHY produced in each of the passages, regardless of the cell type used. 

Southern blot analysis showed that, periodically, the level of virus secreted was below the 

detection limit of the nested PCRJNAH assays used. However, it is also noteworthy that, 

although supernatants from passages (6-10) had undetectable WHY DNA when DNA 

extracted from 200-~L samples was analysed, a pellet from a pool of these supernatants 

recovered after ultracentrifugation was WHV DNA reactive (Tables 5.3 and 5.4). This result 

indicates that the virus was in fact present in the culture supernatants but at very low levels 

( < 10 copies/mL). Nevertheless, this amount was sufficient to transmit infection to either 

virus-naive hepatocytes or lymphoid cells, as shown for subsequent passages in Figures 5.5A 

and 5.5B, and Tables 5.3 and 5.4. 

WHY cccDNA analysis of selected WHY DNA-reactive lymphoid cells and 

hepatocyte samples confirmed that the transmitted virus was capable of active replication in 

both cell types (Figure 5.5). 

When the sequences of the WHY C and S gene amplicons from supernatants collected 

after the third and the final 12 or 13 passage from either lymphoid cells (experiment 5 ~ Table 

5.3) or hepatocytes (experiment 6~ Tables 5.4) were compared to the initial inoculum, no 

sequence variation was detected. In the first instance, we analysed the core and S regions of 

WHY amplified from supernatants after passage 3, as we did in the preliminary experiments 

1-4, and we again found that these sequences were identical with that detected in the 

inoculum. We then assumed that a cell type-specific variation may require longer time to arise 



Table 5.3 Detection of WHY in cultured lymphoid cells and their supernatants after each passage of WHY derived from WM.C chronic . 
earner 

Expt.5A Passage Number: 

2 3 4 5 6 7 8 9 10 

cells• - 105 5xJO"' 5x104 n.d.c 2x102 n.d. 5x104 5xl04 5x104 5x104 

supematantb - 103 2xl02 2xl02d 2xl02 2xl02 n.d. n.d. n.d. n.d. n.d. 

'--- -v--
Ultracentrifugations: < 2 x 102 WHVvge 

Expt.6A Passage Number: 

2 3 4 5 

cells• - 105 5x104 5xl04 5x104 5x104 

supematantb - 103 2x102 2x102d n.d. n.d. 

a Presented as WHV vge detected in --5 x 106 lymphoid cells 
b Presented as WHV vge detected in total volume of supernatant 
c n. d. not detected 
d WHV C and S gene sequenced 
e Supernatant ultracentrifuged and used as inoculum for WF.l 

6 7 8 

n.d.c 5x104 5xl04 

n.d. n.d. 2xl02 

r Total amount ofWHV vge recovered over the course of the whole passage experiment 

9 

n.d. 

2xl02 

11 

n.d. 

n.d. 

~ 

10 11 

n.d. n.d. 

n.d. n.d. 

g Indicated supernatant samples (200 f.J.L each) were pooled and ultracentrifuged, as outlined in Section 5.2.6 

Total WHV 
recovered 

12 13 

5x104 n.d. 4.5x105 

2xl02 2x1 ozct.e 2.2 X 103 

Grand Totaf --4.5 x 105 

Total WHY 
recovered 

12 

n.d. 4.0 X 105 

n.d. 1.8 X 103 

Grand Totalr: -4.0 x 105 

~ 

-.l 
-.l 



Table 5.4 Detection ofWHV in cultured hepatocytes and their supernatants after each passage ofWHV derived from WM.C chronic . 
earner 

Expt.5B Passage Number: 

1 2 3 4 5 6 7 8 9 10 

celts• - 104 5x103 5x103 n.d.' 5x103 n.d. 5x103 5x103 5x103 5x103 

supematantb - 103 2x102 2x1 02d 2xl02 2xl02 n.d. n.d. n.d. n.d. n.d. 

'"-= """"' ~ 
Ultracentrifugationg: < 2 x 102 WHVvge 

Expt.6B Passage Number: 

1 2 3 4 5 

cells• - 104 5x103 5x103 5x103 5x103 

supematantb - 103 2x102 2x102d n.d. n.d. 

a Presented as WHY vge detected in --5 X 106 lymphoid cells 
b Presented as WHY vge detected in total volume of supernatant 
c n.d., not detected 

d WHV C and S gene sequenced 

6 7 8 

n.d.' 5x103 n.d. 

2x102 n.d. 2x102 

e Supernatant ultracentrifuged and used as inoculum for WF.2 
r Total amount ofWHV vge recovered over the course of the whole passage experiment 

9 

n.d. 

n.d. 

10 

n.d. 

n.d. 

11 

5x103 

n.d. 

11 

n.d. 

n.d. 

g Indicated supernatant samples (200 JJ.L each) were pooled and ultracentrifuged, as outlined in Section 5.2.6 

Total WHV 

12 13 recovered 

n.d. n.d. 4.5 X 104 

n.d. n.d. 1.8 X 103 

Grand Totalr: -4.5 x 105 

Total WHV 
recovered 

12 

5x103 4.0 X 104 

2x1 ozd.e 2.0 X 103 

Grand Totalr: -4.0 x 104 

........ 

......,J 
00 



Figure 5.5. Detection ofWHV cccDNA in representative samples of lymphoid cells and 

WCM-260 hepatocytes obtained after various passages of WHV derived from 

splenocytes ofWM.C chronic WHV carrier. Total DNA isolated from indicated cells was 

digested with a single-strand-specific mung bean nuclease to eliminate WHY ON A relaxed 

circular molecules and then amplified with PCR primers spanning the nick region of the WHY 

genome. Nested PCR products were analysed by Southern blot hybridization to confirm 

specificity and molecular sizes of the amplicons detected (674 bp ). As contamination 

controls, water added to the direct (DW) or nested (NW) PCR and a mock extracted sample 

(M) were used. 



Negative 
controls 

DW NW M 

WM.C 
splenocyte PBMC WCM-260 WCM-260 Positive 
supernatant Pass #12 Pass #5 Pass #7 control 

.. 674 bp 



181 

and we would detect such variation later in the long-term serial passage expenment. 

However, when the supernatants from the final passages of experiment SA (passage 13) and 

6B (passage 12) were analysed, regions of the core gene from nucleotides 2049 to 22SS and 

the preS gene from positions 2990 to 290 showed no nucleotide changes when compared to 

the inoculum (Figure S.6). 

5.3.4 In vivo infectivity of WHV recovered after serial passage in lymphoid cells or 

hepatocytes 

Since we found that the splenocyte-derived virus was infectious in vitro to both 

lytnphocytes and hepatocytes and that the WHY gene sequences detected after multiple serial 

passage in these cells appeared to be the same as that of wild-type virus in the C and preS 

regions analysed (Figure S. 6), we wanted to determine if the passaged virus also retained its 

in vivo infectious potential. For this purpose, the final supernatants from lymphoid cells 

(experiment SA) and hepatocyte (experiment 6B) cultures were concentrated by 

ultracentrifugation and the recovered virus injected into healthy WF. 1 and WF. 2 animals. 

Thus, WF.1 was inoculated i.v. with -- l.S x 104 vge obtained in the lymphoid cells and WF.2 

with --8.8 x 1 02 vge after passages in hepatocyte cultures. 

Figure S. 7 illustrates the profiles of serological markers ofWHV infection and WHY 

DNA detection in the serum, PBMC, and liver biopsies in WF. l and WF.2. Regardless of the 

source of WHY inoculu1n and the subsequent serum WHsAg and anti-WHc profiles, WHY 

DNA appeared within 2 weeks after inoculation and persisted throughout the entire follow-up 



Figure 5.6. Core and preS sequen~e comparison . The core and preS sequence 

comparison of WHY DNA detected in splenocyte-derived WHY inoculum used for 

experiments 5 and 6, in the final culture supernatants obtained after serial passage of WHY 

in lymphoid cells (Experiment 5A) and WCM-260 (Experiment 6B) hepatocytes, and sera 

obtained at autopsy from WF.l and WF.2 woodchucks, infected witht the final culture 

supernatant obtained after experiments 5A and 6B, respectively. Dots indicate sequence 

homology and dashes mark regions of unknown sequence. Nucleotide positions are indicated 

based on the sequence ofWHY/tm3 (GenBank accession number AY334075). 
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2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca ttgctctccg catcatacaa 
------................................................................................................................ ......................................................................................................... .. 
---------........................................................................................................................ ................................................................................................ . 
------......................................................................................................................................................................... ................. .......................................... 
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ctattagaca agctttagta tgctgggatg aattaactaa attgatagct tggatgagtt ctaacataac 
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------------.............................................................................................. 
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2990 acaactttga cttttaaagg taaaccatat tcttgggaoc acagacagct agtgcaacat aatgggcaac aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 

tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca ocatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac taaacagatag 

...................................................................................... ---------------------------------------------------------------------------
. ...................................................................................................................................................................................................................................... .. 
.................................................................................................... ------------------------------------------------------------------

attggaacac ttggcaagga tttccgtgg atcaaaaact accattggtc aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gccaataata gttcctgg aattcgggac 
. ............................................................................................................................................................................................................................... . 

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

ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa aaatcagact tttcatctcc 
. ................ -------------------------------------....................................................................................................................................... . 

. .......... -----------------------------------------..................................................................................................... .. .................. ............. . 



Figure 5.7 . . Serological and molecular profiles of WHV infection in woodchucks 

injected with virus obtained after serial passage of WHV derived from WM.C 

splenocytes in either lymphoid cells or hepatocytes. WF. l and WF.2 woodchucks were 

injected (week 0) with the indicated amounts ofWHV obtained after 13 passages in lymphoid 

cells (WF.l) or 12 passages in hepatocytes (WF.2). Serological results are depicted for 

WHsAg (WHsAg-positive, dotted grey bar: WHsAg-negative, open bar) and anti-WHc (anti

WHc-positive, hatched bar: anti-WHc- negative, open bar). Detection of WHY DNA in 

sequential serum, PBMC and liver samples are also shown. Estimated WHY vge levels 

detected in serum are as follows: 10 to 103 vge/mL, open bars: > 103 vge/mL, black bars. 

WHY DNA quantities identified in PBMC are as follows: 0.005-5 vge/104 cells, open bars~ 

>5 vge/ 1 o~ cells, black bars. The levels of WHY DNA detected in liver biopsy or autopsy 

samples at the indicated time points (arrows) were shown as the estimated number of WHY 

vge per 104 cells. Liver histology results are marked as follows: N, normal: AH, acute 

hepatitis: MIN, minimal (residual) hepatitis. 
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in the circulation, PBMC, and liver in both animals. Noticeably, the virus passaged in 

lymphoid cells induced AH in WF. l with detectable WHsAg and anti-WHc in serum. On the 

other hand, WF.2, which was injected with WHY passaged in hepatocytes, did not show any 

serological markers of WHV infection. As we have previously reported (Section 4 . 3~ 

Michalak eta/ . ., 2004 ), the difference between serologically evident disease in WF. 1 and the 

silent infection in WF.2 can be explained by the difference in the amount of virus 

administered, and not differences in the virus sequence (Figure 5.6). WF. l was injected with 

a much larger dose (100-times) than that injected into WF.2. It is known that the dose of 

equal or greater than 103 WHY vge can induce symptomatic AH in woodchucks (Michalak 

eta/ . ., 2004 ). 

5.4 DISCUSSION 

In this study, by employing both in vitro and in vivo investigations, we have shown 

that the infectivity of WHY remains intact after multiple passage in either lymphoid cells or 

hepatocytes. It was also found that a long-term passage of the virus in lymphoid cells is not 

associated with the emergence of a distinct lymphoid cell-specific virus variant. Furthermore, 

in the present study, for the first time, we have also been able to transmit WHY through 

tnultiple passages in naive (untransformed) lymphoid cells and hepatocytes. Not only was the 

resulting virus infectious in vitro to lymphoid cells and hepatocytes, but it was also infective 

and pathogenic to WHY -naive woodchucks. 

It has been shown by others that HBV-infected human B cell hybridomas could 
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transmit the viral genome to normal lymphocytes in co-culture experiments (Colucci eta/. , 

1988). The B cells used in this study were obtained from a patient with acute HBV infection. 

However, it was not determined whether the virus originated from within the B cells or was 

adhered to the cell surface. Other studies have indicated that other subsets of lymphoid cells 

were also susceptible to HBV and are equipped with the cellular machinery capable of 

producing virus after in vitro infection (Romet-Lemonne et al., 1983 ~ Elfassi et al., 1984: 

Laure eta/. , 1985~ Yaffe eta/., 1986~ Zeldis eta/., 1986~ Theilmann and von Brunn, 1991 ~ 

Muller et al., 1992). However, again no cell surface treatments were included to remove 

extracellular adhered virions, making interpretation of these studies controversial. 

So far, no specific mutations have been linked to lymphotropism of the hepadnavirus. 

However, very few experiments aimed to study this issue. One of these studies showed that 

the HBV sequences in serum and PBMC samples collected during SLAH did not show 

changes in the core promoter region (Laskus et al., 1997). In the present study, WHY 

sequence analysis was focussed on determination of the sequence of the C and preS virus 

gene fragments, since the very low levels of virus did not enable amplification of the complete 

WHY DNA genome. This caveat limited the size of the amplicons available for analysis. 

However, we showed that no sequence variation from the wild-type WHY present in the 

initial inoculurn occurred in these samples either in the core gene or preS region, which is 

known to be prone to variation. 

Recently, it has also been shown that a human hepatoma cell line could support HBV 

infection when exposed to high concentrations ( --4 x 108 vge) of hepatocyte-derived virus in 
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the presence of corticoids and DMSO (Gripon et al., 2002). These cells were derived from 

a patient with HCC induced by infection with hepatitis C. The unknown effect ofHCV co

infection in these transformed cells on their susceptibility to HBV in vitro cannot be 

ascertained. There are major methodological differences between the studies mentioned 

above and our current study. They can be summarized as follows: ( 1) we used non

transformed, freshly isolated lymphoid cells and normal, although cultured, hepatocytes as 

virus targets~ (2) we ensured detection of only intracellular WHY DNA sequences through 

cell surface enzymatic digestion and washing to remove any potentially attached WHY nucleic 

acids and virions before DNA extraction; (3) rather than showing only the susceptibility of 

the target cells to virus, we demonstrated that the produced virus can be serially transmitted 

for many passages~ and ( 4) we proved that the virus passaged in either lymphoid cells or 

hepatocytes is infectious to healthy animals. Furthermore, the use of well characterized WHY 

as inoculutn, in which the virus complete genome sequence has shown to be identical with 

that detected in the spleen and liver of the donor, helped to conclude that no specific variant 

emerged during the repeated multiple passage in lymphoid cells. 

These results corroborate the data reported in Chapter 4, which demonstrated that 

occult, lymphatic-system restricted WHY infection was unlikely the result of invasion with 

a WHY variant preferentially infecting lymphoid cells (Michalak et al., 2004). The current 

data support and expand these findings by showing that the induction of hepatitis was in fact 

related to the quantity of virus, but not to the virus origin. In one study of self-limited HB Y 

infection in humans, it has also been found that the virus residing in the peripheral lymphoid 
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cells isolated 30 years after resolution of AH persisted without sequence variation (Blackberg 

and Kidd-Ljunggren, 2001). Most recently, the study ofHCC in patients with occult HBV 

infection showed that the majority of the viral species in the liver do not contain virus 

mutations (Pollicino et a/., 2004). In other viral infections, such as HCV infection in 

chimpanzees, it has been shown that the long-term persistence of virus was associated with 

low rate of virus genomic heterogeneity and amino acid substitutions (Fernandez eta/., 2004). 

Therefore, it is not surprising that low level replication of hepadnavirus persisting for an 

extended period of time may not be associated with the emergence of virus mutations. This 

could suggest that the genome of the persisting virus is probably the best fit for its long-term 

existence. 

Despite these recent findings in occult infection models demonstrating that a low virus 

replication rate does not permit the emergence of viral variants, there are other studies that 

suggest that variations in hepadnavirus genome may occur during occult HB V infection. The 

hepadnavirus C gene is considered to be relatively stable and a few mutations in this gene 

have been clinically observed (see Section 1. 7). In contrast, the preS 1 genomic region is 

relatively susceptible to sequence variations (Gunther eta/. , 1998). The protein encoded by 

this region is thought to be involved in virus-host cell interactions, likely mediating virus 

binding to lymphoid cells and hepatocytes. Recently, it has been postulated that mutations 

in the preS 1 sequence are prevalent in the virus circulating in patients with occult HB V 

infection (Minuk et a/. , 2004). Similarily, during phases of low viremia in patients with 

chronic HBV infection, up to 37% of the HBV species in sera and liver samples contained 
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preS mutations (Fan eta/., 2001 ). This high frequency is greater than variation identified in 

other HBY gene sequences (Fan eta/., 2001). These studies suggested that when the virus 

is present at relatively low levels, preS 1 variants may be more prevalent. Additionally, it has 

been previously shown that HBY mutants with various types of in-frame deletions in the 

preS 1 region were replication competent in vitro (Melegari et a/., 1994; Gunther et a/., 

1998). Since these preS 1 gene deletions overlap the dispensable spacer domain of the P 

protein, generation of productive virus is possible, allowing these variants to accumulate at 

high levels in infected patients (Melegari eta/., 1994~ Xu and Yen 1996~ Pult et al., 1997). 

Therefore, we analysed the WHY preS 1 region to ascertain if a cell type-specific variant was 

generated or not during serial, low level WHY passage in lymphoid cells in vitro. 

In our study, no sequence variation was found in the preS gene of WHY passaged in 

either lymphoid cells or hepatocytes. Additionally, no virus variants in the core and preS 

genes were detected in the virus recovered from WF. l and WF.2 woodchucks, infected with 

WHY passaged in either lymphoid cells or hepatocytes, respectively. However, to fully 

elucidate whether minor WHY quasispecies could contribute to the induction oflymphotropic 

WHY infection, the virus DNA fragments amplified from the cultured cells and supernatants, 

and from WF. l and WF.2, will have to be cloned and sequenced. These experiments are 

currently underway. At this point, however, our direct sequencing results corroborate the 

idea that lymphotropism is a natural propensity of WHY but not a consequence of the 

existence of a cell-type specific virus variant. 

As we have previously shown, the pattern of WHY infection is dependent upon 
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the amount of invading virus. Doses above 103 WHY vge induce serologically evident 

infection accompanied by AH, while those below this level induce serologically silent infection 

(i.e., POI). The amounts ofWHV recovered after multiple passage in lymphoid cells or 

hepatocytes in this study were near this demarcating quantity. Therefore, development of AH 

in WF. 1 injected with ,_ 1. 5 x 1 04 vge and PO I in WF. 2 injected with ,_g. 8 x 1 02 vge are not 

unexpected findings. 

A recent study employing the SIY -macaque model ofHIY showed the persistence of 

low levels of virus that evaded detection by conventional testing (i.e., 0. 1-5 .3 SIY DNA 

copies/106 PBMC) (Zhu et al., 2004). The SlY envelope sequence remained homogeneous 

over a six year period in the lymphoid cells and these animals remained free of evident illness 

up to 10 years after inoculation. These data parallel the results of our study and suggest that 

low levels of virus replication do not normally permit the development of virus mutations and 

allows persistence of virus at levels which evade detection. 

The current study provides strong support that hepadnavirus lymphotropism is an 

inherent property of wild-type virus and that the dose of the virus, but not the existence of a 

particular virus variant, predetermines development of the lymphatic system-restricted 

infection. A high degree of similarity between WHY and HBY suggests that the same could 

be true for HBY. 
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CHAPTER 6: Induction of Occult, Lymphatic System-Restricted Infection by 

Direct Liver Transfection with Recombinant Complete WHV Genome 

6.0 SUMMARY 

Viral hepatitis can be induced in woodchucks by direct transfection of the liver with 

rWHV DNA. However, whether and to what extent the lymphatic system is involved in this 

artificially induced hepadnaviral infection has not been investigated. In order to examine if 

administration of naked rWHV DNA molecules to the liver can cause an infection of the 

lymphatic system, tnonomeric recircularized rWHV DNA derived from two different 

infectious WHY inocula were prepared in this study. One rWHV DNA construct was formed 

through ligation of the naturally occurring EcoRI restriction enzyme cleavage site in the virus 

preS 1 genomic region, while another through ligation of a Sap I restriction enzyme site 

inserted in the nick region of the WHY genome. The results showed that, even though the 

rWHV DNA was transfected directly to the liver, the lymphoid cells were infected first, 

regardless of the source and dose of rWHV DNA administered. In animals injected with 

rWHV DNA ligated through the Sap I restriction site, the liver was not infected, the infection 

was restricted to the lymphatic system, and serological markers ofWHV infection were not 

detected. This pattern was identical to that ofPOI described in our previous studies. On the 

other hand., animals intrahepatically injected with rWHV DNA ligated through the natural 

EcoRI restriction enzyme site did develop serologically evident WHY infection and hepatitis, 

although their onsets were delayed by 4-6 weeks in comparison to those induced by wild-type 
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vtrtons. These results demonstrate that WHY infection induced by transfection of the host 

with unenveloped (naked) recombinant virus genomes always involves the lymphatic system. 

They parallel our previous findings with intact virions and suggest that WHY uptake, 

cccDNA synthesis, and production of infectious virions in lymphoid cells precedes infection 

of the liver, and that it might be a prerequisite for establishing virus replication in hepatocytes. 

6.1 INTRODUCTION 

It is now well established that the lymphatic system is infected, without exception, 

during the course of natural WHY infection, independent of whether the primary infection is 

occult or serologically evident (Michalak eta/., 1999~ Coffin and Michalak, 1999~ Lew and 

Michalak, 2000~ Mulrooney and Michalak, 2003). Examination of other hepadnaviruses also 

suggests the lymphotropic nature of this family of viruses. For example, in the duck-DHBV 

model, it has been shown that DHBY replicates in the circulating lymphoid cells and in the 

lymphoid organs (Freiman eta/., 1988; Jilbert eta/., 1987~ Hosoda eta/., 1990~ Walter eta/., 

1991 ). HBV DNA, viral transcripts, and replicative intermediates have been identified in 

circulating lymphoid cells from patients with serologically evident, chronic infection 

(Pasquinelli eta/ . ., 1986~ Davidson eta/ . ., 1987~ Sugai and Okamoto, 1989~ Bouffard eta/ . ., 

1990~ Feray eta/., 1990~ Mason eta/ . ., 1992). Evidence for the persistence of HBV in the 

PBMC of individuals who have resolved AH type B has also been shown (Michalak et a/. , 

1994~ Yotsuyanagi et a/., 1998~ Cabrerizo et a/., 2000; Blackberg and Kidd-Ljunggren, 

2000). 
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We recently discovered evidence that relates WHY hepatotropism to the amount of 

virus invading the host (Michalak et a/., 2004). The results of our studies indicate that 

regardless of the WHY dose administered, lymphoid cells are always infected. In the study 

described above (Chapter 4), we specifically identified that WHY doses greater than 103 vge 

tend to establish infection that engages the liver; otherwise, with lower virus doses ( < 1 03 vge ), 

lymphatic system-restricted infection is initiated and persists for the lifetime (Michalak eta/., 

2004). This fact, coupled with our previous findings that the putative virus binding site has 

a greater capacity for higher affinity interactions with lymphocytes than with hepatocytes ( Jin 

eta/. , 1996), suggests that lymphoid cells, not hepatocytes, may be primary targets of WHY 

. . 
tnvaston. 

Over the past 20 years, various groups have reported the ability of naked, 

unenveloped viral DNA to induce infection when it is directly transfected to the natural host 

(Dubensky eta/., 1984). With respect to hepadnaviruses, HBV infection has been induced 

in chimpanzees by intrahepatic injection of large amounts of cloned HBY DNA (Willet a/., 

1982). It has also been shown that large amounts of rWHY DNA injected into surgically 

exposed livers of adult woodchucks or by percutaneous liver injection into neonates caused 

WHY infection (Chen et al., 1992; Chen et al., 1993; Girones et al., 1989). The minimum 

dose of rWHV DNA required to induce AH in adult animals by intrahepatic injection has 

been determined to be as low as 50 ng (Chen eta/., 1998). All ofthese studies measured 

onset of WHY infection based solely on the detection of virus serological markers (i.e., 

WHsAg, anti-WHc or anti-WHs) and none of them examined whether or not the lymphatic 
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system was involved. 

Because of our interest in the elucidation of a role of lymphotropism in the initiation 

and persistence of hepadnaviral infection, we aimed to test, in this study, if unenveloped 

rWHV DNA of known sequence can establish infection in lymphoid cells. For this purpose, 

we constructed two different recombinant constructs containing complete sequences of the 

WHV genome, one formed through circularization using the endogenous EcoRI restriction 

enzyme cleavage site located in the WHV preS 1 sequence and the second through ligation 

of a S'ap I restriction enzyme site inserted by PCR in the nick region of the WHV genome. We 

expected that these two constructs may have different efficiencies in causing infection. 

Indeed, our findings showed that monomeric rWHV DNA recircularized through the 

endogenous EcoRI site was capable of inducing typical serologically evident infection and 

hepatitis, albeit 4-6 weeks later than that caused by natural virus. In contrast, constructs 

ligated using the 5'apl restriction site induced serologically occult infection which did not 

involve the liver. We also found that regardless of the construct and amount ofrWHV DNA 

administered, all animals infected by liver transfection initially displayed virus DNA and 

cccDNA exclusively in the cells of the lymphatic system, before eventually being detected in 

the liver. This finding parallels the results of our previous works in natural infection induced 

with small WHV doses (see Chapter 4). 



6.2 MATERIALS AND METHODS 

6.2.1 Woodchucks 
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Liver transfection with rWHV DNA constructs and subsequent infection experiments 

were carried out in 2-3 year old healthy woodchucks. All animals were virus-free prior to the 

experiment, as described in Section 2. 1. 

6.2.2 Sample Collection 

Samples were collected as outlined in Section 2.2. In brief, blood was collected in 

vials with no additives for serum isolation or with EDT A for PBMC isolation (Section 2.2.1 ). 

Liver biopsies were performed as described in Section 2.2.4. 

6.2.3 Full-length genome amplification and ligation of rWHV DNA 

Two different full-length rWHV DNA sequences were synthesized and recircularized 

for intrahepatic transfection. One of the constructs was developed from the WHY genome 

derived from WHV/tm3 inoculum (GenBank accession number AY334075 ~ see Appendix 

A.l ~ Michalak eta/., 2004). This was done using back-to-hack PCR nucleotide primers 

incorporating the S'apl restriction enzyme site and extended PCR amplification conditions, as 

described in Section 2.7.3 (Figure 6.1A). 

The tnain reason for using PCR primers homologous to the sequence of the virus nick 

region sequence was to allow for amplification of full-length WHV DNA in one amplification 

reaction, since both of the virus DNA strands are open at this location. Therefore, primers 



Figure 6.1. Schematic representations of the rWHV DNA constructs used for liver 

transfection. (A) sp-rWHV DNA was generated by PCR using oligonucleotide primers 

spanning the virus nick region (indicated by a Z-line) which contained the Sapl enzyme 

restriction site sequence. This enzyme cleaves outside its recognition site, leaving a 3-

nucleotide sticky-end overlap (see Section 6.2). Ligation of these sticky ends produces a 

monomeric circular molecule. (B) ec-rWHV DNA was constructed by utilizing the natural 

EcoRI enzyme restriction site located in the preS 1 sequence of the WHY genome, marked 

by a straight line. Cleavage using EcoRI resulted in a 5-nucleotide sticky-end (see Section 

6.2). Ligation of these overlaps resulted in generation of a recircularized molecule. 
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spanning this fragment would circumvent the discontinuities in the genome (Kock and 

Schlicht, 1993 ~ Gunther et al., 1995). The S'api enzyme site ( GCTCTTCN 114) is a class II -S 

enzyme and is the only one that has the recognition site and the cleavage site spatially 

separated. Also, this enzyme site is not contained within the WHY genome. Therefore, 

placing the enzyme restriction site in the primer sequences allowed generation of WHY DNA 

with compatible non-palindromic sticky ends devoid of heterologous sequences. This 

approach enabled formation of ligated, recircularized WHY DNA molecules (see Figure 

6.1A). The primers used for amplification of the full WHY genome were designed based on 

a previously described method for HBY (Gunther et al., 1995) and WHY (Michalak et al., 

1999). 

After generation of the amplicon containing the full sequence ofWHY, as confirmed 

by EB-agarose gel electrophoresis (Section 2.9.1), the product was cloned using the TOPO

XL cloning system (Invitrogen), as outlined in Section 2.10.2. Then, plasmid DNA was 

isolated using the mini prep procedure summarized in Section 2 .1 0.4. After screening for the 

presence of the proper DNA insert, positive colonies were expanded and the plasmids 

containing the WHY DNA insert were extracted from maxipreps, as described in Section 

2.10.5. Two WHY clones, each derived from a different colony, were sequenced and their 

sequences were found to be identical to each other and to WHY clones which were obtained 

in parallel from the liver and spleen of the WHY/tm3 donor, as previously reported (Michalak 

eta/., 2004). 

To produce monomeric, circular rWHY DNA molecules, plasmid inserts were excised 
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using 10 U/~g of Sap! and incubation at 37°C for 12 h. After excision, WHY DNA was 

separated from the plasmid backbone by electrophoresis in 1% LMP-agarose gel and purified 

on a Wizard mini column, as outlined in Section 2.1 0.1. Monomeric WHY DNA molecules 

were ligated using 10 U/J..Lg ofT4 DNA ligase (Invitrogen) at 18°C for 14 h. rWHY DNA 

recircularized by ligation of the Sap! restriction site was designated sp-rWHY DNA (Figure 

6.2). 

As a second rWHY DNA source, a plasmid containing complete WHY (pWHY8~ 

ATCC number: 45097) was used. In this construct, WHY DNA was originally inserted into 

the plasmid pBR325 using the EcoRI site (G 1 AA TTC) naturally occurring in the virus 

genome (Cohen et al., 1988). pWHY8 had been previously shown to be capable of inducing 

infection when directly injected to woodchuck liver (Girones eta/., 1989). TheEcoRI site was 

utilized for both cloning and to remove the virus sequence from the plasmid (Figure 6 .1B). 

In the first step, the lyophilized bacteria was reconstituted in LB broth, as per the 

manufacturers instructions. After expansion of the colony and plasmid DNA isolation, the 

insert was excised by digestion with EcoRI for 4 h, as outlined above. Circular WHY DNA 

tnolecules were fortned by incubation with T4 DNA ligase, as described above. Formation 

of monotneric circular WHY DNA was confirmed by Southern blot hybridization (Figure 

6.2). This construct was designated as ec-rWHY DNA (Figure 6.2). 

Ligated DNA were stored at -20°C until the time of injection. 



Figure 6.2. Southern blot hybridization analysis of the linearized plasmids and 

recircularized monomeric molecules of sp-rWHV DNA or ec-rWHV DNA. The 

linearized fragments (L), excised from the plasmid backbone of sp-rWHV DNA and ec

rWHV DNA, show 3308 and 3323 bp, respectively. The recircularized WHY molecules are 

also indicated (C). The absence of secondary bands in the recircularized (C) samples confirms 

the monomeric structure of these ligated molecules. 
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6.2.4 Intrahepatic injection 

sp-rWHV DNA or ec-rWHV DNA were intrahepatically injected during laparotomy, 

as outlined in Section 2 .2 .4. Briefly, injections were performed using a 27-gauge needle 

ejecting 100-125 J..LL of inoculum per site at 4-5 sites in the liver. After each insertion, the 

needle was kept in place for 1 0-15 sec to help prevent leakage and was slowly removed to 

reduce backflow, as described elsewhere (Chen eta/., 1998). In total, 4 animals were injected 

with rWHV DNA, i.e., woodchuck WMI with 500 ng sp-rWHV DNA, WM2 with 2.5 J..Lg 

sp-rWHV DNA, and WM3 and WM4, each with 3 J..Lg ec-rWHV DNA, based on OD 260/280 

readings. Each ofthe indicated amounts ofrWHV DNA was suspended in 500 J..LL of sterile 

PBS. 

6.2.5 Sample collection 

Liver biopsy samples were collected before rWHV DNA administration and at 6-7 

weeks post injection. WMI was biopsied at 27 weeks p .i., WM2 at 19 weeks p.i ., and WM3 

at 14 weeks p.i. WM4 was euthanised at 14 weeks p.i. to examine to what extent the WHY 

infection involved different lymphatic organs. Serum and PBMC samples were collected 

before infection and at weekly intervals until 7-8 weeks p.i., then biweekly up to 27 weeks 

p.i ., and then monthly. Serological markers of virus infection were monitored as outlined in 

Section 2 .3. 
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6.2.6 Preparation of WHV inocula from PBMC obtained during serologically silent 

infection induced by rWHV DNA transfection 

It was found that inoculation with sp-rWHV DNA induced POI, where PBMC were 

WHV DNA and cccDNA reactive in the absence of any detectable liver engagement (see 

below). To ascertain if the virus present in the PBMC was infectious, inoculum was prepared 

from these cells. For this purpose, PBMC were collected between 3-7 weeks p.i. from WM2. 

Similarly, PBMC collected from WM4 which was injected with ec-rWHV DNA were used 

as controls. Thus, approximately 6 x 107 PBMC from each animal were treated with 

DNase/trypsin/DNase (Section 2.4) and cultured in the presence of5 ~g/mL concanavalin A 

(Con A: Pharmacia Fine Chemicals, Uppsala, Sweden) in 10 mL ofRPMI-1640 supplemented 

with 10% FCS, 2 mM glutamine, and 1 X non-essential amino acids for 5 days. Then, the 

cells were spun down, washed, and cryopreserved for later analysis ofWHV presence. The 

resulting culture supernatants were concentrated by ultracentrifugation at 40,000 rpm using 

a Beckman SW 50.1 rotor at 4°C for 20 h (Coffin and Michalak, 1999). The pellets were 

resuspended in 250 ~L of sterile PBS and i. v. administered into two virus-naive woodchucks. 

Thus, woodchuck WF5 received inoculum (""' 105 vge) derived from PBMC obtained from 

WM2 injected with sp-rWHV DNA, whereas WM6 was injected with virus ( -- 105 vge) 

obtained from PBMC of WM4, which was injected with ec-rWHV DNA. Liver tissue 

samples were obtained before infection and at 6 weeks p.i. Serum and PBMC samples were 

collected prior to and weekly p.i. for 10 weeks. Serological markers of virus infection were 

tnonitored as outlined in Section 2.3 . 
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6.2. 7 Challenge with a liver pathogenic dose of wild-type WHV 

WM 1 and WM2, which both developed POI after intrahepatic transfection with sp

rWHY DNA were challenged with I x 1010 DNase-protected WHY vge of WHY/tm3 

inoculum at 35 and 19 weeks p.i., respectively. The purpose of this experiment was to 

determine if these animals with POI induced by rWHY DNA were susceptible or not to the 

infection with wild-type virus at a dose known to be liver pathogenic (Michalak et al., 2004). 

Following WHY challenge, animals were bled weekly to collect serum and PBMC, as 

described in Section 2.2. Liver biopsy was done at 6 weeks p.i . Serological markers of virus 

infection were monitored as outlined in Section 2.3. Both anitnals were euthanised at 13 

weeks after the challenge and their tissues were preserved for analysis, as outlined in Section 

2.2.5. 

6.2.8 Preparation of monocyte-derived DC from animals injected with rWHV DNA 

PBMC were isolated, as described in Section 2.2.3, and were subjected to 

DNase/trypsin/DNase digestion, as outlined in Section 2.4. Approximately 3 x 107 cells were 

resuspended in 5 mL ofRPMI-1640 medium supplemented with 10% FCS, 2 mM glutamine 

and 1 X non-essential atnino acids. Monocytes were isolated from total PBMC by plastic 

adherence for 3 hat 37°C in a 5% C02 atmosphere. Residual floating cells were removed 

from the culture flask . 500 U/mL murine granulocyte-monocyte colony-stimulating factor 

(GM-CSF~ Roche Diagnostics) and 0.2 ng/mL human IL-4 (Roche Diagnostics) were used 

to differentiate monocytes into DC during 7 -days of culture. After this incubation, the 
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floating cells (immature DC) were removed from the adhered cells (mature DC), transferred 

to a new flask, and stimulated with 500 ng/mL liposaccharide (LPS~ Sigma Chemical Co.) in 

the presence of the cytokines indicated above, to yield fully mature DC (Section 7.2.2). Total 

DNA was extracted from DC and used as template to detect WHV DNA and cccDNA by 

PCR (see below). 

6.2.9 Detection ofWHV DNA and cccDNA 

Total DNA from serum, cells, culture supernatants, and tissues was extracted using 

the proteinase K/phenol/chloroform method as outlined in Section 2.5.1. WHY DNA was 

detected using 2-5 ~g DNA from PBMC or tissues or DNA extracted from 100 ~L of serum 

or from 200 ~L of culture supernatant equivalent. WHY C, S, and/or X gene-specific primers 

and cycling conditions established previously were employed, as described in Section 2. 7. 1. 

To detect WHY cccDNA replicative intermediates, 5 ~g of DNA from PBMC or lymphoid 

tissues was digested with mung bean nuclease, as outlined in Section 2.7.2 .1, and then 

amplified using PCR primers spanning the nick region of the WHY genome (Section 2. 7 .2 .2). 

Contamination controls for DNA extraction and PCR amplifications were routinely included, 

as outlined in Section 2. 7. 1. 

6.3 RESULTS 

6.3.1 Confirmation of recircularization of full-length monomeric rWHV DNA 

Since we have previously determined, through complete WHY sequence analysis that 
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the inoculum., designated as WHY/tm3, contained wild-type homogenous WHY DNA 

sequence and that this inoculum was infectious to naive animals (Michalak et a/., 2004 ), we 

decided to use this virus as one of the sources of viral DNA to prepare recircularized 

monomeric rWHY DNA (i.e., sp-rWHY DNA). We also prepared an ec-rWHY DNA 

construct which was derived from pWHY8 plasmid purchased from ATCC (Figure 6.1). 

As illustrated in Figure 6.2, excision of each rWHY DNA sequence from both 

plasmids was highly efficient, yielding bands of3308 bp and 3323 bp for sp-rWHV DNA and 

ec-rWHY DNA, respectively. After purification of the excised inserts, ligation of either 500 

ng or 2.5 ~g ofsp-rWHY DNA or 3 ~g ofec-rWHY DNA was done using T4 DNA ligase. 

Figure 6.2 shows that monomers were formed upon circularization and that no other bands 

were detected. 

6.3.2 Intrahepatic injection with rWHV DNA induces infection of lymphoid cells 

Figure 6.3 illustrates profiles of serological markers of WHY infection and WHY 

DNA found aftertransfection ofWMl with 500 ng and WM2 with 2.5 ~g ofsp-rWHY DNA, 

and WM3 and WM4 with 3 ~g of ec-rWHY DNA each. Furthermore, the profiles of WHY 

infection after challenge of WMI and WM2 with a massive 1 x 1010 vge WHY dose are 

depicted. 

WHsAg and anti-WHc were never detected in serum samples from WMl and WM2 

after injection with sp-rWHY DNA, until the animals were challenged with WHY (Figure 6.3 

A). In either WM3 and WM4, serum WHsAg, anti-WHc or anti-WHs were not detected for 



Figure 6.3. Serological and WHV DNA detection profiles and liver histology in four 

woodchucks after intrahepatic transfection with either sp-rWHV DNA or ec-rWHV 

DNA. (A) WM1 and WM2 were transfected with sp-rWHV DNA and subsequently 

challenged with WHV/tm3 inoculum at a dose of 1.1 x 1010 vge. (B) WM3 and WM4 were 

injected with ec-rWHY DNA. The profiles show the time of liver transfection and challenge, 

if applicable., and serum WHsAg and anti-WHc appearance and duration. The detection of 

WHY DNA in the serum, PBMC and liver biopsy samples is indicated. WHY DNA was 

detected by direct or nested PCR/NAH assay with WHC C gene-specific primers. Estimated 

WHY vge levels found in serum are depicted as follows: white (open) bars, 1 to 10 vge/mL~ 

light-grey bars., 10 to 102 vge/mL; dark-grey bars., 102 to 103 vge/mL~ and black bars., > l 03 

vge/mL. Approximate WHY DNA quantities identified in PBMC are shown as follows : 

open bars., 0. 005 to 0. 5 vge/ 104 cells: light-grey bars., 0. 5 to 5 vge/ 104 cells: dark -grey bars, 

5 to 50 vge/ 1 o-t cells~ and black bars, >50 vge/ 104 cells. The levels of WHY ON A detected 

in liver biopsy or autopsy samples at the time points indicated by arrowheads were shown as 

the estimated number of WHY vge/ 104 cells. Liver histology scores were based on a numeric 

scale frotn 0-3 (0- nonnalliver ~ 3- severe hepatitis)., as previously described (Michalak eta/., 

1990~ Hodgson and Michalak, 2001 ). 
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up to 12 or 14 weeks p.i., respectively (Figure 6.3B). At these points, WHsAg appeared. 

Anti-WHc was not detected in the sera of either WM3, up to 21 weeks p.i ., or WM4 at 

autopsy at 14 weeks p.i. 

WHV DNA was found in sera from all4 woodchucks by direct or nested PCRINAH. 

Thus, WMI and WM2 showed levels --102 vge/mL beginning at 2 weeks after rWHV DNA 

administration and up until the time of challenge with WHV, when the virus levels escalated 

significantly. WM3 and WM4 carried low levels ofWHY, as was the case in WM I and WM2., 

untill0.5 and 12 weeks p.i., respectively, when virus DNA increased to ---- 104 vge/rnL. WHY 

DNA was detected in PBMC samples from all 4 animals as early as 2 weeks p.i. at levels not 

exceeding 0. 5-5 vge/ 104 cells, regardless of the construct administered. WHY DNA remained 

detectable, albeit occasionally, in the serum and PBMC for up to 35 weeks p.i. in WM1 and 

19 weeks p.i. in WM2, at which time the animals were challenged with WHY (see below). 

In WM3 and WM4, who received ec-rWHV DNA, the levels ofWHV DNA rose significantly 

to 5-50 vge/104 PBMC at 9 weeks p.i. and persisted at these high loads until 24 weeks p.i. 

for WM3, and until the end of follow-up at 14 weeks p.i. for WM4. 

Importantly, WHY DNA in circulation was not accompanied by the presence of the 

WHY genome in any liver samples obtained after transfection with sp-rWHY DNA, but prior 

to WHY challenge ofWMI and WM2. In the ec-rWHY DNA transfected anitnals, WHY 

DNA was not found in the liver at 7 weeks p.i., even when up to 5 J..Lg of liver DNA was 

tested by PCR. Furthermore, evaluations performed using pritner pairs specific for three non

overlapping regions of the WHY genome, i.e., WHY C, X and S genes, confirmed the 
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absence of WHV DNA in hepatic tissue. In contrast, the livers of the same animals were 

WHV DNA reactive at 14 weeks p.i. (Figure 6.3). Autopsy ofWM4 was done at 14 weeks 

p.i. to determine the involvement in the infection of the lymphatic system. At this time., WHV 

DNA was found in the liver, spleen, small intestine, bone marrow, lymph node, and PBMC 

(Figure 6.3 B). 

In the early time period after transfection, when WHV DNA was solely detectable in 

the serum and PBMC, WHV cccDNA presence was examined in PBMC to test the replication 

competence of the detected virus. As shown in Figure 6.4, WHV cccDNA was found in 

PBMC frotn WMI and WM2, and was detectable as early as 6 weeks p.i . and remained 

present for 29 and 13 weeks thereafter, respectively, at the time when the liver was WHV 

DNA non-reactive. Not surprisingly, WHV cccDNA was also detectable in PBMC samples 

from WM3 and WM4 which were collected before any evidence of liver infection., i.e . ., as 

early as 4 weeks p.i .. 

Besides the lack ofWHV DNA in the liver in WMI and WM2, liver histology was 

normal in two satnples obtained after rWHV DNA transfection but before challenge with a 

high WHV dose. Also, liver biopsies from WM3 and WM4 showed no features of 

inflammation up to 14 weeks p.i . At this time, histological examination of liver biopsy from 

WM3 showed early signs of AH., with edema of the portal areas. 

In the time period after ec-rWHV DNA administration, similar results., in terms of 

WHV DNA detection in the serum and PBMC in the absence ofWHV DNA in the liver., were 

found in WM3 and WM4. However, these animals showed delayed development of 



Figure 6.4. Detection ofWHV C gene sequence and cccDNA in representative PBMC 

samples. Theses samples were obtained from woodchucks (A) WMl and WM2 and (B) 

WM3 and WM4 after liver transfection with either sp-rWHY DNA or ec-rWHY DNA, 

respectively, prior to WHY DNA appearance in the liver. Viral DNA from PBMC acquired 

in the serologically silent phase of infection was detected by nested PCR/NAH with WHY C 

gene-specific primers. WHY cccDNA was identified as described in Section 6.2. As 

expected, the bands specific for the WHY C gene and cccDNA showed molecular sizes of 

428-bp and 674-bp, respectively. Contamination controls consisted of water added instead 

of DNA in both direct (DW) and nested (NW) reactions, and a mock (M) extracted and 

treated as test DNA. 
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serologically evident infection, as determined by the appearance of WHsAg at 12-14 weeks 

p.i .. High levels of WHY DNA were present in the serum and PBMC at 10.5 and 12 weeks 

p.i . at the time when the liver was WHY DNA reactive. 

In order to determine the susceptibility ofWM1 and WM2 to challenge with a large 

pathogenic dose ofWHV, both animals were injected with 1.1 x 1010 vge ofWHY/tm3 

inoculum at 3 5 and 19 weeks, respectively. After challenge, the animals developed similar 

WHY itnmunovirological profiles. Thus, the infection was associated with appearance of 

WHsAg and anti-WHc. WHV DNA was detected in the liver at 6 weeks after challenge. 

Therefore, these results demonstrated that the animals were not protected and developed 

typical AH which resolved and was followed by SOL 

6.3.3 Infectivity ofWHV carried in lymphoid cells after animals were transfected with 

rWHVDNA 

Because of the puzzling fact that even though the liver was the site of inoculation with 

rWHY DNA, the lymphoid cells, but not the liver, were actually the site of initial WHY 

infection, we decided to test if the detection of WHY DNA and cccDNA in the PBMC frotn 

the initial phase of infection in fact reflected the existence of biologically competent 

(infectious) virus. For this purpose, PBMC obtained from WM2 and WM4 between weeks 

3 and 7 p.i. were cultured with Con A for 72 h. It has been previously shown that such 

treatment enhances WHY replication in lymphoid cells (Coffin and Michalak, 1999). The 
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resulting cell culture supernatants were concentrated by ultracentrifugation and ,...., 1 05 WHY 

vge injected into virus-naive WFS and WM6, respectively. 

As shown in Figure 6.5, upon inoculation with the virus isolated from these culture 

supernatants, both animals developed serum WHsAg-positive infection at 5-6 weeks p.i. 

WHY DNA was detected in PBMC within 1 week of exposure to virus and cccDNA was 

detectable at 2-3 weeks p.i. In the serum, virus DNA was apparent within 2-3 weeks p.i . The 

liver biopsy samples, taken at 6 weeks p.i., from both WFS and WM6, showed high levels of 

WHY DNA ( >2 x 103 vge/104 liver cells). Histology on these biopsies showed minimal 

inflammation, however, liver biopsy obtained at 13 weeks p.i. demonstrated very severe AH 

(grade 3) (for definitions of histological grades see Section 2.12). 

Figure 6.6 shows the analysis ofWHY DNA in monocyte-derived DC from WM2 and 

WM3 obtained after liver transfection with either sp-rWHY DNA or ec-rWHY DNA, 

respectively, prior to WHY DNA appearance in the liver. As shown by Southern blot 

analysis, DC from both animals contained WHY C gene sequences, as well as cccDNA. 

These results indicated that the DC were a reservoir of WHY during the POI phase of 

infection induced by intrahepatic transfection with rWHY DNA. 

6.4 DISCUSSION 

In this study, we have shown that POI, solely involving the lymphatic system, can be 

induced in woodchucks receiving circularized recombinant WHV DNA molecules 

administered to the liver. It appears that this infection is initiated by the uptake of 



Figure 6.5. Profiles of serological and molecular markers ofWHV infection in animals 

injected with inocula derived from PBMC obtained during the POI phase of infection 

induced by intrahepatic transfection with sp-rWHV DNA and ec-rWHV DNA. Virus-

.. 
naive animals WFS and WM6 were injected (week 0) with the indicated doses of PBMC-

derived WHY inocula. The diagram shows the appearance and duration of serum WHsAg 

and anti-WHc, and the detection of WHY DNA in sequential serum, PBMC, and liver 

samples. Approximate WHY vge levels displayed in serum and PBMC are identified, as 

described in the legend to Figure 6.3 . 
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Figure 6.6. Detection ofWHV C gene sequence and cccDNA in monocyte-derived DC 

samples (C) and their supernatants (S) obtained from WM2 and WM3 PBMC samples. 

These samples were collected after liver transfection with either sp-rWHY DNA or ec-rWHY 

DNA, but prior to WHY DNA appearance in the liver. Total DNA from DC was amplified 

by nested PCR/NAH with WHY C gene-specific primers. WHY cccDNA was identified as 

described in Section 6.2. As expected, the bands specific for the of WHY C gene and 

cccDNA amplicons showed molecular sizes of 428-bp and 674-bp, respectively. 

Contamination controls consisted of water added instead of DNA in both direct (DW) and 

nested (NW), reactions and a mock (M) extracted and treated as test DNA. DC derived from 

virus-naive PBMC (H) and from chronic WHY carrier (CH) animals served as negative and 

positive controls, respectively. 
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rWHV DNA and the synthesis of virions in the lymphoid cells. In this regard, the uptake of 

viral DNA by lymphoid cells residing in the liver or the leakage ofrWHV DNA from the liver 

and harbouring viral DNA by extrahepatic lymphoid tissue needs to be considered. Using the 

rWHV DNA infection model, the only discernible indicator of WHV infection early after 

transfection was the presence ofWHV DNA and cccDNA in the lymphoid cells, with the lack 

of serological markers of WHV infection and the absence of any evidence of liver 

engagement. We have previously identified this serologically silent form ofWHV infection 

and we have established that it is caused by an exposure to a small quantity ofWHV (< 103 

virions/dose), as described in Chapter 5. We have termed this form ofhepadnaviral infection 

as primary occult infection, or POI (Michalak et al., 2004 ). 

Even though the dose of sp-rWHV DNA used for transfection experiments was 

tnoderately high (i.e., 500 ng and 2.5 ~g), in terms of natural virus DNA equivalents, it was 

evident that the recircularized DNA molecules have established an infection pattern which 

suggested that only a small quantity of infectious particles was assembled. This could be due 

to at least three possibilities: (a) the inevitable leakage of rWHV DNA inoculum from the 

liver, which tnay translate to a significantly smaller dose being actually administered to 

hepatocytes~ (b) much higher susceptibility of lymphoid cells than hepatocytes to DNA 

transfection, and (c) the instability of the ligation through the Sap I enzymatic restriction site 

used for circularization. 

This last point is of importance considering infectivity of the two rWHV DNA 

constructs used. Thus, ec-rWHV DNA has an intact virus nick region and was ligated 



223 

through the natural EcoRI site, whereas, the sp-rWHV DNA construct was formed through 

the excision of the Sap I restriction site artificially inserted in the nick region. It is of note that 

the requirement for the completion of the virus nick region to generate intact double stranded 

DNA for the initiation of virus pgRNA transcription is absolute (Tuttleman et al., 1986). It 

is likely that the use of the sp-rWHV DNA construct, which in the first step required the 

closure of such a critical region, led to a less efficient generation of functional genomes than 

ec-rWHV DNA, in which the nick region was already closed. Additionally, the use ofT4 

ligase to enzymatically force the formation of monomeric circular WHV molecules, rather 

than re-ligation based on the dilution of linearized virus DNA (Chen et al., 1998), may have 

been a disadvantage. The use of the T4 ligase may possibly have led to formation of 

molecules with tertiary structures that might be less capable of transcription upon entry to 

cells, even though there was no evidence of the formation of secondary structures, as 

determined by Southern blot hybridization analysis (Figure 6.2). In future studies, we plan 

to generate WHV DNA monomers from WHV/tm3 inoculum using primers spanning the 

EcoRI region, which should generate rWHV DNA with replication efficiency comparable to 

that of the ec-rWHV DNA construct. 

Regardless of the final outcome of the infection induced by the constructs used, all 

animals investigated in this study developed, in the first instance, lymphatic system-restricted 

occult infection. We have previously shown that lymphoid cells are invariably a site ofWHV 

replication in infection induced by wild-type virus and they carry WHV DNA, cccDNA, and 

WHV RNA prior to the development of serologically and histologically evident hepatitis 



224 

(Coffin and Michalak, 1999; Mulrooney and Michalak, 2003~ Michalak eta/., 2004). Based 

on the results of the current study, we now report that a similar WHV infection profile can 

be induced by transfection with rWHV DNA. Considering that the initial site of virus 

inoculation was the liver, the detection of lymphoid cell-restricted WHV presence was 

surprising, however, consistent with the hypothesis that the lymphatic system is the primary 

target and the initial site ofhepadnavirus replication at low virus doses (Michalak, 2000). DC 

were specifically shown to carry virus in the infected animals. This does not exclude that 

WHV replicates in other lymphoid cell subsets after intrahepatic transfection. We have also 

clearly demonstrated that the virus formed in the lymphoid cells after transfection, but prior 

to liver involvement, has the ability to cause typical AH in virus-naive hosts. 

In conclusion, we have demonstrated that, as in the case of natural infection, 

transfection with recombinant hepadnavirus genome leads, in the first instance, to the 

establishment of infection in the host's lymphatic system. We have also documented that 

transfection with recombinant virus DNA can cause POI, with serological and molecular 

profiles identical to those described in our previous study using low doses of wild-type WHV 

(Chapter 4 ~ Michalak eta/., 2004 ). The availability of infectious WHV DNA constructs open 

the possibility for a multitude of in vivo and in vitro investigations. 
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CHAPTER 7: WHV Persists in Dendritic Cells During Long-Term Symptomatic 

and Occult Infections 

7.0 SUMMARY 

Persistent viral infections can be accompanied by sustained virus replication in DC and 

they can modulate DC functions. A role of DC in occult persistent hepadnavirus infection is 

not yet determined. Therefore, we aimed to examine if, in the woodchuck model ofHBV, 

DC are a site of persistent WHY replication. To accomplish this, we developed a DC 

derivation protocol using woodchuck monocytes. To confirm the phenotype of the derived 

cells, we applied a DC specific marker, CD209, of which a gene fragment derived frotn 

woodchuck PBMC was cloned and sequenced in this study. The results showed that DC 

harbour WHY DNA and, importantly, express its replicative intermediate cccDNA during 

both serologically evident chronic infection and years after resolution of AH (i.e., in SOl). 

This finding tnay have an implication for a better understanding of the mechanisms of 

hepadnaviral persistence. It provides further evidence supporting the conclusion that 

lymphotropism is an intrinsic property of WHY. 
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7.1 INTRODUCTION 

It is well documented that DC function as a bridge between the innate and adaptive 

immune responses (Colonna, 2004). DC are the sentinels of the immune system that capture 

antigens at the infection site and migrate to the lymph nodes where they exhibit the function 

of antigen presentation and mediate T cell activation. They also have the ability to recognize 

foreign molecules through various non-clonotypic Toll-like receptors, by recognizing 

pathogen-associated molecular patterns, thereby canvassing both arms of the immune 

response (Colonna, 2004). The ability of pathogens to infect and modulate DC function could 

be a mechanistn of immune evasion, potentially leading to persistent infection (Moll, 2003). 

Since the recognition and internalization of antigens stimulates the maturation of DC, induces 

their migration from the periphery to the T cell-rich areas of draining lymph nodes, and 

upregulates expression of cell surface MHC class II and co-stimulatory molecules, any 

disturbance in these processes due to pathogen invasion may have consequences for the 

immune response (Moll, 2003). 

Many viruses use cell surface molecules on DC to enter these cells. The subsequent 

infection may cause virus-specific and potentially generalized immune suppression through 

modulation of DC maturation. For example, DC-SIGN (DC-specific intracellular adhesion 

tnolecule-grabbing nonintegrin), a C-type lectin, which is expressed on both myeloid- and 

monocyte-derived DC, seemingly acts as a receptor for HIV-1 (Kwon et al. , 2002), HCV 

(Lozach et al. , 2003), MCMV (Andrews et al., 2001), Ebola virus (Simmons et al. , 2003), 

and Dengue virus (Navarro-Sanchez et al., 2003). DC also are major targets of other viruses 
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known to cause generalized immunosuppression, such as EBV (Lindhout eta/. , 1994), 

LCMV (Sevilla eta/., 2003), measles virus (Servet-Delprat eta/., 2003), HSV -1 (Mikloska 

eta/. , 2001), vaccinia virus (Engelmayer eta/., 1999), and MCMV (Andrews eta/., 2001). 

Infection of DC by these viruses inhibit DC ability to stimulate T cells. In the case ofHIV -1, 

infection of DC actually permits virus transmission toT cells (K won eta/., 2002). It has been 

recognized that these and other pathogens which interact with DC-SIGN frequently cause 

chronic infections that last a lifetime. This appears to be due to the manipulation of the 

Thl/Th2 immune balance through the pathogen action on DC, which, in turn, enables these 

pathogens to persist. 

Because so many viruses take advantage of their ability to impair vital roles of DC in 

priming the immune system, it is reasonable to consider that hepadnaviruses, now known to 

persist for the lifetime of the host, may also employ this evasion strategy. So far, in the case 

ofHBV, it has been shown that DC derived from patients chronically infected with HBV have 

an impaired capacity to stimulate Th 1 cells that, in turn, leads to decreased virus-specific T 

cell responses ( Arima et a/., 2003 ), due to compromised antigen presentation (Beckebaum 

et al. , 2003 ). This state can be partially restored in vitro by providing exogenous IL-12 (Lohr 

et a/., 2002). Other reports have shown the decreased potential of DC to stimulate mixed 

lymphocyte reaction (MLR) in chronic HBV (Wang eta/., 200 1), indicating the existence of 

a generalized immunosuppression. It was also demonstrated that the precursor DC frequency 

in circulation is lower in patients with chronic HB V infection than in healthy individuals. DC 

propagated from these precursors showed lower expression of co stimulatory molecules and 
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had an impaired allostimulatory capacity when compared to the cells from uninfected 

individuals (Beckebaum et al., 2002). However, the concept of the altered function of DC 

in HBY -infected patients remains controversial. 

We have previously shown the persistence of the WHY genome and cccDNA in 

circulating lymphoid cells and in the lymphatic tissues in both serologically evident and occult 

WHV infections (Coffin and Michalak, 1999; Lew and Michalak, 2001; Mulrooney and 

Michalak, 2003 ~ Michalak et a/., 2004 ). We also recently have identified the persistence of 

HCV RNA in DC from patients with occult HCV infection after spontaneous or treatment

induced resolution of hepatitis C (Pham et al., 2004). To test the involvement of DC in WHY 

infection, we first aimed to establish methods to derive woodchuck DC. Subsequently, we 

examined if WHY invades DC and, if so, whether it replicates in these cells and if DC may 

serve as a virus reservoir in either chronic symptomatic or occult infection. Our findings 

show that DC are a site ofWHY persistence independent of the type of protracted infection. 

This 1nay have implications for the ability of DC to process and present WHY antigens 

thereby impeding virus specific T -cell responses required for virus elimination. On the other 

hand, the persistence of minute quantities of virus in DC after apparent complete recovery 

from symptomatic hepadnaviral infection may potentially serve as a constant immune trigger 

to maintain efficient anti-viral responses during the lifetime of the host. 
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7.2.1 Woodchucks 
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Samples of PBMC used for the derivation of DC were obtained from 3 groups of 

animals, as shown in Table 7.1. Only one PBMC sample was used for DC isolation per 

animal, usually at autopsy, due to the larger number of cells required. 

Group 1 was constituted by 2 healthy, WHV -naive animals. They served as negative 

controls. 

Group 2 included 5 woodchucks chronically infected with WHV, as confinned by 

repeated detection of WHsAg in serum and histological examination of liver biopsy (see 

Section 2.12). AilS animals acquired WHV infection in the wild and were serum WHsAg and 

anti-WHc reactive for 20-3 7. 5 mo prior to PBMC collection. Serum WHV DNA loads were 

approximately 1010 vge/mL at the time of lymphoid cell isolation. 

Group 3 included I 0 animals that were experimentally infected with WHV and 

developed SLAH and then SOl that was followed betweenl0.5 and 41 mo p.i. At the time 

ofPBMC collection, all animals were serum WHsAg and anti-WHs negative and anti-WHc 

reactive. Serum WHV DNA levels were below 102 vge/mL, as determined by nested 

PCR/NAH. 

7 .2.2 Derivation of immature and mature DC from monocytes 

PBMC were isolated by density centrifugation on Ficoll-Paque(Section 2.2.3). PBMC 

were subjected to DNase/trypsin/DNase digestion, as outlined in Section 2.4. Approximately 



Table 7.1 Im munovirological characteristics of chronic and SOl WHY infection in woodchucks studied and detection of molecular indicators of WHY infection m immature and/or mature DC 
derived from monocytes of these animals 

Category of infection and Time of Duration of serological markers (mo) Duration of serum 
animal no. PBMC WHY DNA positivity Immature 

collection WHsAg anti-WHs anti-WHc (mo) 
(mo p.i .)a WHY DNA 

(vge/~g) 

GROUP 1: Healthy 

L75/F na.b n.a. n.a n.a . n.a n.d.c 

L171M n.a n.a. n.a. n.a. n.a n.d. 

GROUP 2: Chronic WHY 
Hepatitis 

2641/F 37 37 n.a 37 37 >50 

3228/M 24.5 24.5 n.a 24.5 24.5 >50 

3219/M 24 24 n.a. 24 24 >50 

3231/M 22 22 n.a 22 22 >50 

3224/F 20 20 n.a 20 20 >50 

GROUP 3: SOl 

Ll61M 41 3 31 40.5 40.5 n.a. 

Ll41M 39 3 26 37 38 n.a. 

Lll!M 36 3.5 19 34 35.5 n.d. 

L12A/F 21 3.5 n.t.d 19 20 0.005-0.5 

L12D/F 21 1 n.t . 19 20 0.005-0.5 

L18CIM 15 1 n.t. 14.5 14.5 0.005-0.5 

L75BfM C 14 n.t. nt. 11 10.5 n.a. 

L19A/F e 14 1 n.t. 13.5 13.5 n.a. 

L75C/F c 14 n.t. nt. II 10.5 n.a. 

L74BIM c 10.5 n.t. nt. 8 7 n.a. 

a mo p.i ., From inoculation with WHY or from time of arrival at colony for animals with serologically evident, chronic WHY infection (Gro~ 2) 
b n.a., rot applicable 
c n.d., rot detected 
d n.t., not tested 
e These animals were inoculated as neonates and serum samples were not available until 3 mo after WHY inoculation 

Dendritic cells 

Mature 

WHVDNA WHVcccDNA WHVRNA 
(vge/~g) (vge/f.lg) {Vge/J.tg) 

n.d. n.d. n.a . 

n.d. n.d. n.a. 

>50 0.5-5 0.5-5 

>50 5-50 n.a. 

>50 5-50 n.a. 

>50 0.005-0.5 n.a . 

>50 0.5-5 0.5-5 

0.5-5 0.5-5 n.d. 

0.5-5 0.5-5 n.d. 

0.5-5 n.a. n.a. 

n.d. n.a. n.a. 

n.d. n.a. n.a . 

n.d. n.a. n.a . 

0 .5-5 n.d. n.a. 

n.d. n.d. n.a . 

n.d. n.d. n.a . 

0.5-5 n.d. n.a . 

N 
w 
0 
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5 x 107 cells were resuspended at a concentration of 1 x 107/mL in RPMI-1640 medium 

supplemented with 10% FCS, 2 mM glutamine and 1 X non-essential amino acids. 

Monocytes were removed by adherence to plastic for 3 hat 37°C in a 5% C02 atmosphere. 

Residual floating cells were removed from the culture flask . 500 U/mL murine granulocyte

monocyte colony-stimulating factor ( GM -C SF; Roche Diagnostics) and 0 . 2 ng/mL human IL-

4 (Roche Diagnostics) were used to differentiate monocytes into DC during 7-days culture. 

After this incubation, the floating cells (immature DC) were removed, transferred to a new 

flask, and stimulated with 500 ng/mL LPS (Sigma Chemical Co.) in the presence of the 

cytokines indicated above. In some cases, the immature DC were cryopreserved without any 

further maturation. After a further 7 day incubation, the mature DC were harvested and 

cryopreserved in FCS/10% DMSO until the time of nucleic acid extraction (Section 2 .2.3). 

Supernatants from the cultures of both immature and mature cells were stored at -20°C for 

further analysis. 

Morphological examination of woodchuck DC showed that they were identical to 

human monocyte-derived DC which were derived using the same protocol. It is known that 

human DC show elevated expression ofknown DC markers, such as CD80, CD86, HLA-DR, 

CD 1 a, and CD40, when compared to total PBMC. Since antibodies recognizing the surface 

tnarkers on woodchuck DC are not available, to confirm whether the cells obtained were truly 

DC, we examined the expression of woodchuck CD209 gene, which transcribes CD209 

protein specifically displayed on these cells (Geijtenbeek eta/. , 2000). 
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7.2.3 DNA and RNA Isolation 

DNA was extracted from cells and supernatants using the proteinase 

K/phenol/chloroform method, as outlined in Section 2. 5 .1. Total RNA was prepared using 

TRizol reagent (Invitrogen) (Section 2.5.2). In some cases, due to small numbers of DC 

available for analysis, DNA was isolated from the residual fraction after TRizol extraction and 

RNA isolation, using 10% sodium acetate in absolute ethanol, as per the manufacturer's 

instructions (Invitrogen). 

7.2.4 eDNA synthesis and PCR 

eDNA was synthesized using 2-5 f.Lg of total RNA and random primers and amplified 

by PCR with WHY C-gene specific primers as outlined in Section 2.6. WHV DNA was 

detected by direct or nested PCR using primers specific for the WHV C gene (Section 2. 7.1 ). 

WHV cccDNA was detected after mung bean digestion of 2-5 f.Lg of genomic DNA, as 

presented in Section 2.7.2. The PCR amplicons were identified by EB-agarose gel 

electrophoresis and Southern blot hybridization (Section 2. 9). 

7.2.5 Cloning of woodchuck CD209 

CD209 (DC-SIGN) degenerate primers were synthesized based on the consensus 

nucleotide sequence obtained by comparison of published human and tnouse CD209 

molecules. The primers CD209 sense (5'-ATGAGTCA YTCY AAGGAA) and CD209 anti

sense (5'-CYAGGSGYAGAGAKGG) were used to amplify eDNA transcribed from RNA 
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from woodchuck DC and PBMC. RNA from human DC and PBMC were used as positive 

controls. Amplification was done under the following PCR cycling conditions: 95°C for 5 

min, followed by 30 cycles of95°C for 1 min, 42°C for 1 min, and 72°C for 1 min, with a final 

extension step at 72°C for 10 min. Since it was unknown if the CD209 primers were intron

spanning or not, RNA samples, which were not reverse transcribed (i.e., R T-), were included 

as controls to ensure that amplification was from a eDNA template and not from 

contaminating genomic DNA. After amplification, the product (676 bp) from the woodchuck 

DC eDNA, the fragment was excised and purified, as described in Section 2.1 0.1. The 

resultant purified DNA was cloned using the TOPO-TA cloning system (Invitrogen: see 

Section 2.1 0.2). After extraction of the plasmid DNA employing a miniprep isolation 

procedure, plasmids containing the proper size insert were identified by EB-agarose gel 

electrophoresis. The identity of the woodchuck CD209 sequence was confirmed by 

automated sequencing. 

7.3 RESULTS 

7.3.1 Woodchuck DC are phenotypically comparable to their human counterparts 

In order to differentiate woodchuck monocytes into DC, a protocol used to derive 

human DC from peripheral blood was adapted (Caux et al., 1992). Murine GM-CSF and 

human IL-4 were added to the adherent cell aggregates to stimulate DC growth from 

monocytes. After 7 day culture, the cells were morphologically identical to their human 

counterparts, which were confirmed to be DC based on F ACS analysis using antibodies 



Figure 7.1. Expression of CD209 in woodchuck and human_DC. Degenerate primers 

were synthesized based on the consensus sequence from the mouse and human CD209 

nucleotide alignment. eDNA from DC preparations and the corresponding PBMC, isolated 

from a healthy woodchuck and a human are shown. The PCR products were visualized by 

EB-agarose gel electrophoresis and yielded the expected size ( 6 7 6 bp ), as indicated by 

arrows. Contamination controls consisted of water added instead of DNA in direct PCR 

(DW) and a mock (M) extracted and treated as test eDNA. Additionally, samples with (RT +) 

and without (R T-) reverse transcriptase were included for all cases to control for the potential 

of non-intron spanning primers to generate the proper size CD209 fragment from any possible 

contaminating genomic DNA in the RNA preparations. 



Woodchuck Human 

Mock PBMC DC PBMC DC 

Marker OW RT+ RT- RT+ RT- RT+ RT- RT+ RT- RT+ RT-
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specific for their cell surface markers, as described in Section 7.2.1. In order to provide 

further evidence that indeed woodchuck DC were generated, we cloned CD209 from 

woodchuck eDNA and examined expression of this marker in woodchuck DC. Figure 7.1 

shows the expected size amplicon (676 bp) was obtained after RT-PCR when either eDNA 

from woodchuck or human DC was analysed. We further confirmed the identity of 

woodchuck CD209 by cloning and sequencing ofthe RT-PCR products. The woodchuck 

CD209 sequence determined has been submitted to GenBank (accession number A Y842283 ~ 

Appendix B). Woodchuck CD209 is comparable to CD 209 molecules from other species, 

with 68 % and 88 o/o homology to the sequence of corresponding human and tnouse 

fragments, respectively. Therefore, we were confident that these cells were truly DC, based 

on their derivation, morphology, and the expression CD209. 

7.3.2 DC from woodchucks with chronic hepatitis are a site of active WHV replication 

In order to identify if DC from woodchucks with classical serum WHsAg-positive 

chronic infection carry WHV, DNA and RNA were isolated from DC cultures prepared from 

PBMC of the respective animals (see Table 7.1 ). To ensure that only intracellular WHY 

genome was identified, PBMC were DNase/trypsin/DNase treated and extensively washed 

before monocyte isolation. Immature DC were collected after 7-day culture and tnature DC 

harvested after maturation with LPS after a further 7 -day culture. PCR was performed using 

WHY C gene-specific primers on DNA isolated from both immature and mature DC, and on 

eDNA transcribed from RNA isolated from mature DC. Additionally, the presence of WHY 



Figure 7 .2. Detection ofWHV DNA, cccDNA, and WHV RNA expression in immature 

and mature DC derived from 2 animals with serum WHsAg-positive, chronic WHV 

infection (2641 and 3224~ see Table 7.1). This representative Southern blot illustrates the 

presence of WHY DNA (623 bp) and WHV cccDNA (674 bp)., after mung bean nuclease 

digestion of template DNA., in both subsets of DC as determined by direct or nested 

PCR/NAH., respectively. WHY C-gene RNA intermediates were also detected by nested 

PCR/NAH in the mature DC RNA samples available for analysis (428 bp). Contamination 

controls consisted of water added instead ofDNA in direct PCR (DW) or nested PCR (NW), 

and a mock (M) extracted and treated as the test samples. In the amplification ofWHY RNA 

sequences., samples with (R T +) and without (R T-) reverse transcriptase were included for all 

cases to control for any amplification_ from potential contaminating WHY DNA in the RNA 

preparations. The positive control consisted of liver DNA isolated from a woodchuck with 

WHsAg-reactive., chronic WHY hepatitis. 
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cccDNA was examined. Figure 7.2 illustrates the detection ofWHV DNA, WHY cccDNA, 

and RN~ in DC samples collected from animals with chronic WHY infection lasting 24 or 

24.5 months since arrival to the colony. This representative Southern blot illustrates the 

detection of WHY DNA in the immature and mature DC by direct PCR/NAH, while cccDNA 

and WHV RNA was identified in mature DC by nested PCR/NAH. Overall, 5 out of 5 

preparations of monocyte-derived DC from woodchucks with chronic WHY infection 

revealed the presence ofWHY DNA and cccDNA in DC (Table 7.1). Both of the •nature DC 

samples available for study also were reactive for WHY RNA. This data provided convincing 

evidence that DC in serologically evident chronic WHY infection are a reservoir of persistent, 

actively replicating WHY. 

7.3.3 DC from woodchucks with SOl persistently carry WHV 

Because we could detect moderately high levels ofWHV replicative intermediates in 

DC derived from woodchucks with chronic WHY infection, we wanted to next identify if the 

same situation exists in serologically silent SOl continuing after resolution of AH. After 

differentiation of DC using the protocol outlined above, sufficient numbers of cells for DNA 

extraction were available from 1 0 animals at various observation periods ( 1 0 . 5-41 mo) after 

recovery from AH (Table 7.1). As indicated in Table 7.1, both immature and mature DC 

were available for study from 4 of the 10 animals in this group. Of these 4, 3 displayed WHY 

DNA solely detectable in the immature DC subset, and one in the mature DC subset. In the 

remaining 6 cases from which only mature DC were derived, 4 cases were reactive for WHY 



Figure 7.3. Detection ofWHV DNA and cccDNA in mature DC isolated from 2 animals 

with SOl persisting years after recovery from AH (L14 and L16, 39 and 41 mo p.i., 

respectively~ see Table 7.1 ). Southern blot hybridization analysis confirms the size and 

specificity of WHY DNA C-gene sequence (428 bp) and WHY cccDNA (674 bp) in mature 

DC identified after amplification by nested PCRINAH. Contamination controls consisted of 

water added instead of DNA in direct PCR (DW) or nested PCR (NW), and a mock (M) 

extracted and treated as the test DNA. The positive control consisted ofDNA derived from 

mature DC of a woodchuck with WHsAg-reactive, chronic WHY infection. 
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DNA. WHY cccDNA was detected in 2 of the 6 cases from which sufficient amount of DNA 

was available for analysis. Interestingly, as shown in Figure 7.3, both of the WHY cccDNA 

reactive DC samples were derived from PBMC collected more than 3 years after resolution 

of AH. This figure shows WHY DNA and cccDNA detection in mature DC isolated at was 

available for analysis. Interestingly, both of the WHY cccDNA reactive DC samples were 

derived from PBMC collected more than 3 years after resolution of AH, as shown in Figure 

7.3. This figure shows WHY DNA and cccDNA detection in mature DC isolated at 39 and 

41 mo p.i. from woodchucks Ll4/M and Ll6/M, respectively. Taken together, the results 

showed that 80% of the animals with SOl showed evidence of WHY genome presence, while 

33% of those available for testing exhibited evidence of active WHV replication in either the 

mature or immature DC subset. 

7.4 DISCUSSION 

We have shown that DC are infected by WHV and that the virus persists in these cells 

in both serologically evident chronic infection and years after resolution of acute WHV. In 

many infections, DC harbour pathogens that may impair specific immune responses which, 

in turn, potentially affect general immune function (reviewed in Moll, 2003). Based on the 

detection of replicating WHY in DC, it is possible that this may also be the case for 

hepadnaviral infection. 

We know that the detected virus was of an intracellular ongtn because 

DNase/trypsin/DNase digestion and extensive washing performed after cell isolation, which 
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efficiently removes traces of the cell surface adhered WHV and free WHV DNA (Mulrooney 

and Michalak, 2003), was employed. However, since DC were derived from monocytes, it 

is possible that WHV identified was a result of infection of monocytes or phagocytosis of the 

virus by these cells from other cell subsets infected, which were present in culture during 

monocyte adherence. To prove otherwise, DC would have to be directly purified ex 

vivo, which is not possible due to the very low number of circulating DC and the absence of 

reagents specific for identification of subsets of woodchuck lymphoid cells. Nevertheless, 

whether the virus detected in the DC was derived from monocytes or whether they were 

directly infected in vivo, this study shows that woodchuck DC are capable of harbouring 

WHV and can facilitate its replication. Because monocytes are naturally differentiated into 

DC in vivo, we can assume that WHV remains in the newly differentiated DC, even if virus 

was initially solely contained in the monocyte sub-population. It would not be surprising, 

however, that DC can be infected by WHV directly. DC display C-type lectins, like DC

SIGN, on their surface, which enable DC to recognize a broad range of pathogen 

carbohydrate patterns (Feinberg et al., 2001). This suggests that DC have the ability to bind 

to tnany glycosylated molecules (reviewed in van Kooyk and Geijtenbeek, 2003 ), which could 

be associated with the envelope of different viruses, including hepadnaviruses. 

Perhaps the most significant finding from this work is that DC remain persistently 

infected for a very long time after resolution of acute WHV infection. We have examined 

animals for longer than 3 years after resolution of AH and were able to detect WHV 

replication intermediates. This is the first time that a specific cell subset was clearly identified 
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as a reservoir of WHV in the woodchuck lymphatic system. As it was shown, virus 

replication remains active, although at very low levels in these cells. Based on the fact that 

certain subsets of DC can live for extremely long periods, up to months or years (Cremer et 

a/., 2002), the persistence of virus may also be coordinately prolonged. However, 

considering the percentage ofWHV DNA reactive lymphoid cells detected in POI and SOl 

(as reported in Chapter 3), it is evident that lymphoid cell subsets other than DC are also 

infected. 

It is likely that eradication of the virus from these cells never takes place, because of 

the unique role of DC in the lymphatic system and the longer life of antigen bearing DC 

(Cremer eta/., 2002). In regard to hepadnaviruses, it has been shown that even after antiviral 

treatment of chronic hepadnaviral infections leading to a decrease in HB V load in the 

circulation, viral cccDNA remains at stable levels in the liver (Mason eta/., 1998~ Locarnini 

and Birch, 1999). This suggests that there is a reservoir, that may include DC, which is not 

susceptible to or accessible to the treatment. 

The ability of DC to harbour minute quantities of virus may be reminiscent of the 

situation occurring in other infections, such as in tuberculosis and leishmaniasis (Belkaid et 

a/., 2002). It has been shown that small amounts of antigen remain at the site of initial insult 

or in the DC in the draining lymph nodes. It has also been suggested that continuous, low 

level stimulation of specific T cell immune responses may be required to maintain immunity 

against particular agents, known as concomitant immunity (Belkaid eta/., 2002). Therefore, 

the low levels of persistent WHV may trigger anamnestic responses which enable lifelong 
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acquired antiviral immunity. This is not an unreasonable possibility in the case ofWHV SOl, 

since high dose virus challenge of these animals does not induce infection and shows the 

maintenance of effective T -cell anti-viral immunity (Gujar and Michalak, manuscript in 

preparation). Furthermore, reports of detection of activated CTL specific for HBV antigens 

even up to 30 years after resolution of AH type B, suggest that there is harboured 

hepadnavirus, which, by continuous stimulation, may maintain HB V -specific responses (Penna 

et a/. , 1996~ Rehermann et a/., 1996b~ Penna et al., 1997). This could be interpreted as 

evidence suggesting that the infection of DC may contribute to the mechanism sustaining 

memory virus-specific immune responses through the intermittent processing and presentation 

of hepadnaviral epitopes. This could constitute a negative feedback loop, where in the face 

of virus activation specific immune response increases, thereby keeping WHY production 

under control, yet maintaining virus at a level that maintains anamnestic antiviral responses, 

but that are not imminently harmful to the host. However, the long-term virus presence may 

eventually lead to the development ofHCC in some cases (Korba et al., 1989~ Michalak et al., 

1999). 

In this regard, it has been found that small amounts of HIV -1 are sufficient to infect 

DC (Pope eta/. , 1995), and that DC actually mediate virus transmission toT cells (Kwon et 

a/., 2002). Our recent findings in hepadnaviral POI also show that circulating lymphoid cells 

are initially infected when exposed to low levels of virus, without any engagement of the liver 

(Michalak eta/., 2004). Given the evidence for the essential involvement of DC in HIV -1 

infection induced with low virus doses (Geijtenbeek eta/., 2000; Steinman, 2000), and the 
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proximity of DC to the site of infection, i.e., the skin and mucous membranes, it could be 

considered that DC are involved in the uptake of hepadnavirus, particularly in cases of 

exposure to low virus dose. This could mediate the subsequent infection of lymphoid cells 

and possibly transmit the virus to the liver in the case of exposure to small amounts of virus. 

This notion could also explain the finding that when rWHY DNA was administered to the 

liver, WHV was first detected in the lymphoid cells but not in hepatocytes (see Chapter 6). 

The assumption could be made that DC can act as chaperones in the transmission of 

hepadnavirus to other cell types. 

In summary, we have shown the persistence ofWHY genome and its replication in 

tnonocyte-derived DC in woodchucks with SOl, as well as with serologically evident chronic 

WHY hepatitis. It remains to be determined if the immune functions of the infected DC 

remain intact. Future studies will examine if the virus produced by DC isolated from animals 

with occult WHY infection retain their pathogenic and oncogenic potential. Additionally, the 

ability of WHY-infected DC to stimulate T cell responses needs to be further examined. 

Nevertheless, the repercussions ofDC infection by WHY, as it was shown in the case of other 

pathogens, could be significant in regard to the understanding of the mechanisms of initiation 

and persistence of hepadnavirus infection, and further investigations into these mechanisms 

are warranted. 
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CHAPTER 8: GENERAL DISCUSSION 

The main purpose of the present series of studies was to investigate virological factors 

predisposing to hepadnavirus lymphotropism and how the lymphotropic nature of the virus 

relates to its persistence induced by either primary exposure to a low virus dose or due to 

residual virus presence after resolution of serologically evident infection. In particular, we 

focussed on the recognition of the significance of virus dose and the potential existence of 

specific virus genome variants to determine if they contribute to lymphoid cell infection. In 

the first study, we established a new approach to detect small amounts of WHV DNA in 

intact lymphoid cells using in situ PCR coupled with flow cytometry. We determined, for the 

first time, the extent to which circulating lymphoid cells are involved in hepadnavirus 

infection. It was found that a relatively large percentage of peripheral lymphoid cells were 

infected with WHY, regardless of whether the infection was serologically evident (up to 20o/o) 

or occult (up to 14%) (Chapter 3: Mulrooney and Michalak, 2003). We also examined if the 

quantity ofWHV invading the host predetermines if the infection is exclusive to the lymphatic 

system. This study also showed that the lymphatic system engagement always preceded 

infection of the liver, suggesting that it might be absolutely required to establish productive 

infection in hepatocytes upon exposure to low virus doses. It was found that virus amounts 

lower than 103 vge invariably led to the lymphatic system-restricted infection which, with 

time, could be transmitted to the liver (Chapter 4~ Michalak eta/. , 2004). In the subsequent 

study, we atte1npted to identify if the existence of cell-specific virus variants may detennine 
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WHY lymphotropism. We employed multiple serial passage of splenocyte-derived WHY in 

virus-naive lymphoid cells or hepatocytes, aiming to enrich the detection of any potential 

lymphatic system-specific virus variants. The results of this study showed that the infection 

of lymphoid cells is unlikely due to the existence or emergence of a viral variant predisposed 

to propagate in lymphoid cells (Chapter 5). To confirm these findings and to expand the 

applicability ofthe WHY-woodchuck model for studies ofhepadnavirallymphotropism, we 

examined ifrWHY DNA infected directly to the woodchuck liver can induce the infection of 

lymphoid cells. We discovered that transfection with unenveloped rWHV DNA always led 

to infection of lymphoid cells before the appearance of virus DNA in the liver. This supported 

our conviction that the lymphatic system, not the liver, is a primary target of hepadnavirus 

invasion, at least in situations when small amounts of virus infect a susceptible host (Chapter 

6). Since DC play an important role in both anti-viral immune responses and in the 

establishment of persistence in other viral infections engaging the lymphatic system, we then 

investigated if the monocyte-derived subset of DC is involved in long-term WHY infection. 

We identified not only the WHY genome, but also its replicative intermediates in DC derived 

from animals with either serologically evident or SOl (>3 years after recovery from AH) 

(Chapter 7). Taken together, our studies unambiguously document that lymphotropism is a 

natural propensity ofhepadnavirus. They also suggest that virus replication in the lymphatic 

system may be a prerequisite for infection ofhepatocytes, especially when the host is exposed 

to small amounts of virus. The validity of our observations was enhanced by the employment 
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of well-established and controlled molecular virology investigative protocols and virologic 

diagnostic procedures throughout the studies. 

Overall, we showed that the lymphatic system is susceptible to and persistently 

maintains wild-type WHV infection. We clearly defined that occult hepadnavirus persistence 

has two distinct forms, i.e., POI and SOl. POI occurs when the host is exposed to a low 

quantity of virus, generally below 103 vge. Other characteristics of POI include: ( 1) 

restriction to the lymphatic system, (2) association with low virus loads in the serum ( < 102 

vge/mL) and in peripheral lymphoid cells (<50 vge/104 cells), and (3) the absence of classical 

serological markers ofinfection, including WHsAg, anti-WHc, and anti-WHs. However, with 

time, the liver may become infected in POI. We define SOl or residual infection as the long

term persistence ofhepadnavirus after the clinical and serological resolution ofhepatitis. This 

form ofhepadnavirus persistence may also occur after primary serum surface antigen-negative 

infection, as we have recently described (Coffin eta/., 2004). In general, in SOl, antibodies 

to the virus core and surface antigens can be detected, and low levels of virus DNA can be 

found in the serum and lymphatic system at levels comparable to those occurring in POI 

(usually < 102 vge/mL in serum and < 50 vge/104 PBMC). In addition, virus DNA is always 

detectable in the liver ( <2 x 102 vge/104 cells). 

By optimizing a procedure that did not require nucleic acid extraction from PBMC, 

combined with a rigorous protocol for the removal of potentially attached extracellular virions 

and WHV DNA fragments, we were able to validate previous results that SOl and POI are 

associated with the existence of virus in the circulating lymphoid cells. Importantly, serum 
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virus load did not correlate with the amount of virus in PBMC. Additionally, the number of 

infected PBMC is not stable during the long follow-up. This is consistent with observations 

made in infections with other lymphotropic viruses, i.e., HIV (Re eta/., 1994) and HCV 

(Muratori eta/., 1996). 

Overall, the data obtained imply that the current methods for HB V detection, by either 

identification of HBsAg or HBV DNA in sera, are not sufficient to diagnose HBV in 

individuals with occult infection, either POI or SOl. They also suggest that the identification 

of hepadnavirus DNA in lymphoid cells may be the most sensitive indicator of occult virus 

presence. The significance of this finding is unambiguous, as discussed later, considering the 

potential for undetected virus to be transmitted or reactivated in the host. 

It was previously established that lymphoid cells are infected with WHY very early 

after inoculation with a high virus dose ( --1010 vge) and that this occurs long before the 

development of symptomatic liver disease (Michalak, 1998; Michalak, 2000). Therefore, we· 

aimed to identify the immunovirological and molecular profiles of WHV infection after 

injection with decreasing virus doses. We discovered that after inoculation with as little as 

1 0 WHV vge, the lymphoid cells were infected in the absence of liver involvement (Chapter 

4). The amount of virus required to induce liver disease was identified to be above 103 

vge/dose. Therefore, we defined a virus threshold delineating induction of POI from 

serologically evident infection accompanied by hepatitis. 

It has been recently shown in chimpanzees that multiple injections of small doses of 

SIV had a cumulative effect on the induction of disease (McDermott et al. , 2004). Thus, 
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repeated weekly SIY injections with (30 TCID50; i.e., 50% tissue culture infectious doses) 

were capable of causing disease, resulting in the immunodeficiency syndrome, which could 

be also induced by a single high dose of virus (i.e., 3000 TCID50) . Therefore, it is reasonable 

to expect that a similar situation may exist in hepadnavirus infection. Exposure to multiple 

low doses ofHBY or WHY may, with time, cause symptomatic evident infection. 

It is also noteworthy that POI, caused by low WHY dose, is not accompanied by the 

development of a protective immune response, since subsequent challenge with a massive 

dose of wild-type virus caused classical AH. However, it is possible that specific anti-viral 

immune responses develop and endure for a prolonged period in POI, but at a significantly 

lower magnitude as that induced by infection with higher amounts of virus. This could 

explain why the resolution of disease caused by challenge with a liver pathogenic virus dose 

in animals with POI always occurred and the infection did not progress to CH. 

The absence of detectable genomic variations in WHV obtained from the liver and 

lymphoid cells in the aforementioned in vivo study led us to employ an in vitro infection 

system that should enrich potential cell type-specific viral variants. Thus, splenocyte-derived, 

wild-type WHY was passaged in either lymphoid cells or hepatocytes, and the virus derived 

used to identify if a cell type-specific virus variant arose. Comparison of WHY sequences 

recovered after these multiple passages of WHY in lymphoid cells or hepatocytes with the 

sequence of wild-type WHY present in the inoculum revealed no cell type-specific variation 

when the preS region of the S gene sequence, which is most prone to variations, was 

analysed. Based on the works of others (e.g., Nainan et al. , 2002), it is known that an altered 
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subpopulation would have to comprise more than 10% of the total virus population in order 

to be detected by direct sequencing. Therefore, it is reasonable to assume that even if a virus 

variant occurred at an undetectable level, its contribution to WHY infectivity towards 

lymphoid cells would be negligible. The results from this study also provided further evidence 

in regard to the lymphotropic nature of WHV by documenting that the virus can be serially 

transmitted in naive lymphoid cells without compromising its infectivity and without 

hepatocyte involvement. 

Perhaps the most unusual evidence that hepadnaviral infection of lymphoid cells 

precedes infection of the liver was found in an artificial model of hepadnavirus infection 

employing intrahepatic injection of recombinant, complete WHV DNA. This approach has 

previously been shown to induce WHV infection in woodchucks (Chen eta/., 1992~ Chen et _ 

a/., 1993). For the first time, we determined the kinetics of hepadnavirus infection in the 

lymphatic system in this model. We employed two different rWHV DNA constructs and 

found that they both caused POI, which was restricted to the lymphatic system, before the 

establishment of the infection in hepatic tissue, if it occurred at all. Thus, we showed that 

WHV DNA and cccDNA was initially found only in lymphoid cells and WHY DNA in the 

sera in the animals transfected. This provides further evidence that WHY is in fact a 

lymphotropic virus. Even though the inoculation site was the liver, only the lymphoid cells 

were infected in the early phase after rWHV DNA transfection. 

The fact that DC were persistently infected during SOl suggests potentially 

contradictory roles of these cells in viral persistence and host immunity. First, the continued 
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virus presence in these cells could, by modulating antigen processing and presentation, alter 

anti-viral immune responses, and possibly reactions against other antigens. On the other hand, 

the harboured virus in DC may serve as a constant trigger that maintains anti-viraltnemory 

T cell responses, as it has been shown in other infection models (Belkaid et a/., 2002). 

In summary, we have concluded that WHV invasion of lymphoid cells is an absolute 

requirement for propagation of the virus in the host and induction of disease. Thus, 

regardless of the dose of invading virus, the lymphatic system is always involved. 

Furthermore, the persistence of the virus in lymphoid cells for life after POI or after recovery 

from SLAH suggests that hepadnaviral clearance never truly happens (Michalak, 2000). 

Close virological and pathogenic similarities between WHV and HBV imply that the same 

could be true for HBV infection. 

Until recently, it has been generally accepted that upon exposure to large amounts of 

HBV, hepatocytes are the first target of the virus invasion. With an incubation period of 

about 1-6 months, HBsAg is detectable in serum 1 week to 2 months after exposure. This 

is followed by the development of symptomatic hepatitis (Chi sari and Ferrari, 1996). Thus, 

according to a previously accepted theory, de novo produced virus engages lymphoid cells 

with little or no virus propagation occurring in this compartment. Furthermore, studies 

examining the effect of exposure to low amounts of virus were not performed, as it was 

assumed that minute quantities of virus were not able to induce infection and generate anti

viral immune responses. 

However, our results clearly indicate that not only are lymphoid cells infected and 
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support replication when exposed to small virus quantities, but they may actually be the 

preferential targets of hepadnavirus. Our current studies suggest that previously accepted 

concepts need to be revised, particularly when the host is invaded by a minute amount ( < 1 03 

virions) of virus, or when rWHV DNA is used. We propose that WHV, as well as rWHV 

DNA is initially acquired by lymphoid cells, through either a virus-receptor interaction or 

phagocytosis by DC, monocytes, and resident macro phages in the lymphatic organs or in the 

liver (i.e. , Kupffer cells) (see Figure 8.1). In the lymphoid cell, WHV replication then occurs. 

Subsequently, the produced virus can be transmitted between cells of the immune system. If 

the virus load increases over time, or a yet unknown mechanism modifies its ability to interact 

with hepatocytes, liver cells become infected. However, during infection induced by low 

doses, the spread of WHY from the lymphatic system to the liver may take a significant period 

of time, or not occur at all . Thus, the virus may remain solely in the lymphoid cell reservoir, 

as it is the case in POL Besides the contribution of virus load, local tissue or cell factors 

could also influence the development of different infection profiles. These could include the 

predominant individual cytokine milieu, :MHC haplotype, or the existence of other diseases 

or infections, which may modulate the response of the immune system to the virus. 

In general, the potential ofWHV to infect hepatocytes and cause liver disease appears 

to be a consequence of the amount of virus that the host is exposed to and the lapse of time 

since virus invasion (Michalak eta/. , 2004). It appears that hepatocytes require more virus 

than lymphoid cells to be infected. Thus, WHY replication in lymphoid cells may increase the 

amount of virus to the level required to invade liver cells as time proceeds. This may explain 



Figure 8.1 Schematic diagram of the involvement of the lymphatic system in the 

perpetuation ofhepadnavirus infection induced by low WHV doses ( < 103 vge). Upon 

invasion of the host, WHY (intact virions or rWHV DNA) is initially acquired by extrahepatic 

lymphomononuclear cells (LMC) and/or dendritic cells (DC). Small quantities of de novo 

produced virus can be transmitted from one cell subset to another, including intrahepatic 

lymphocytes (IHL ), or they may remain in a single lymphoid cell reservoir. This state is 

accompanied by the lack of serological and biochemical evidence of exposure to virus, albeit 

WHY DNA can be detected in circulating lymphoid cells and in serum. This form of occult 

infection is designated as POI. It is possible that POI can proceed to acute hepatitis, as the 

de novo produced virus reaches a level that can invade a substantial number of hepatocytes. 

Additionally, POI could potentially lead to SOl, resulting from virus engagement of the liver, 

without the concomitant development of evident acute hepatitis. 
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the long incubation period, lasting for 3-4 weeks for WHV and 6 weeks to 6 months for HBV 

infection. Based on these results and an escalating number of other studies, it is now clear 

that, although the symptoms of serologically evident disease arise from the liver, the absence 

of hepatitis does not mean that hepadnaviral infection does not exist (Chemin et al., 1992~ 

Michalak et al., 1994~ Penna et al., 1996~ Rehermann et al., 1996a; Rehermann et al., 1996b~ 

Coffin and Michalak, 1999; Michalak et al., 1999; Michalak et al., 2004). 

The findings from our studies suggest that the existence of low-level (occult) HB V 

infection may have important epidemiological and pathogenic implications. Thus, the 

existence of occult HB V infection carries the potential risk of virus transmission through 

blood transfusion, hemodialysis, and organ transplantation. Although the rate of HB V 

infection is currently low (1/63,000), it remains much higher than that ofHCV (Schreiber et 

al., 1996). In Canada, recent statistics on the relative risk of transfusion transmitted HB V 

due to undetected infection in blood donation is 13.88 per million donations (i.e., 1 in 72, 000) 

(Chiavetta et al., 2003 ). This risk has not decreased over the past decade, in the face of 

seemingly improved blood screening procedures. Occult infection, coupled with the relatively 

limited sensitivity of currently used immunoassays which are based on detection of serum 

HBsAg, may be responsible for this risk (Schreiber et al., 1996). In terms of organ 

transplantation, current literature indicates that the risk of acquiring HB V infection from liver 

donors ranges from 25% to 94o/o (Dickson et al. , 1997~ Uemoto et al., 1998). Importantly, 

serum, which is mainly used for screening suitable donors, is the poorest tnaterial for 

detection of occult hepadnavirus infection compared to circulating lymphoid cells and liver 
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tissue (Michalak et al., 1999). 

Cryptogenic liver diseases, such as cirrhosis and HCC, may be explained, at least in 

part, by the existence of occult HBV infection (Hu, 2002). The detection of persistent HBV 

cccDNA and RNA in patients up to 5 years after recovery from SLAH type B indicated a 

prolonged period of low level virus replication that could, with time, be able to induce a 

HBV -related chronic liver disease (Mason et al., 1998). Retrospective analysis of non A-E 

hepatitis have indicated that 78.3% of patients with hepatitis of unknown aetiology carried 

low levels ofHBV DNA in the liver, which were only detectable by specific nested PCR (He 

eta/., 2003). Another study assessed 16 patients who had resolved AH type B for up to 30 

years prior to enrollment (Blackberg and Kidd-Ljunggren, 2001). Even though serum HBV 

DNA remained negative, liver biopsies were found HBV DNA positive, and a mild ALT 

elevation was detected in one patient. This suggests a probable underestimation of the true 

number of HB V related liver disease cases, as occult HB V is not detectable by currently 

applied serological assays, as stated above. 

HCC has developed in about 20o/o of woodchucks convalescent from acute WHY 

hepatitis (Michalak et al., 1999). Very little evidence is available to fully ascertain if occult 

HBV infection is responsible for HCC of unknown origin in humans. Recently, however, the 

prevalence of occult HBV DNA in the livers ofHCC patients was determined by sensitive 

PCR techniques comparable to those used in our studies (Pollicino et al., 2004 ). Surprisingly, 

HBV DNA was detected in as many as 63.5o/o of cases ofHCC. Also, HBV DNA has been 

identified in tumour tissue (Paterlini et al., 1990), usually in an integrated form (Paterlini-
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Brechot et al. , 2003). Another study found HBV integration in 9 of9 HCC tumours studied, 

often in the human telomerase gene. Further, a study examining HBV/HCV co-infected 

individuals suggested that integrated HBV DNA may be required for the development of 

HCC in chronic HCV infection (Fukuda eta/., 1999). Thus, occult HBV infection cannot be 

ruled out in the pathogenesis of cryptogenic HCC and, therefore, could represent another 

potentially significant pathological consequence of this form of hepadnaviral persistence. 

The other pathogenic consequence of occult HBV might be evident in the context of 

other viral infections, like HCV and HIV, or during immunosupression and/or chemotherapy. 

Because of the common routes of transmission, HBV /HCV co-infection is a common clinical 

occurrence. Up to 55% of patients with chronic HCV carry anti-HBc (Brechot eta/., 1998). 

We recently proved that, in the woodchuck model, anti-WHc is an indicator of continuing 

occult hepadnavirus replication and persistence (Coffin eta/., 2004). Similarly, up to 87o/o 

of the anti-HBc reactive patients demonstrate the presence of the HBV genome (Kazemi

Shirazi eta/., 2000). Clinically, the impact of HBV on HCV co-infection is unknown. 

Recently, HBV DNA was found to be integrated in PBMC DNA from patients with chronic 

active hepatitis B and in individuals after the clearance of HBsAg who are co-infected with 

HCV (Murakami eta/., 2004). Also of note is that hepatoma cells transfected with full-length 

HB V cloned from patients with occult HB V infection co-existing with HCV infection showed 

the replicative capacity of this HB V (Uchida et a/. , 1997). 

The epidemiological and pathogenic consequences of occult HBV infection are not 

yet recognized. The results from studies using the woodchuck-WHV model suggest that the 
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transmission, pathogenicity, and oncogenicity of occult hepadnavirus might be important in 

the human disease situation. Therefore, it is evident that under no circumstance should blood 

or organs from individuals with occult HB V infection should be used for transfusion or organ 

transplantation. 



261 

CHAPTER 9: SUMMARY AND CONCLUSIONS 

Over the course of this series of studies, we investigated the lymphotropic nature of 

hepadnavirus and to what extent infection of the lymphatic system may contribute to its long

term persistence. We applied the woodchuck-WHY infection system, which is the closest 

animal natural model ofHB V infection and hepatitis B. The results of our research revealed 

new important aspects of the natural history of hepadnaviral infection and uncovered 

previously unknown properties of the virus. Investigations of woodchucks with different 

forms of experimentally induced WHY infection, frequently over the lifetime of the host, 

allowed for the collection of unique materials which would not be available from individuals 

infected with HBV. The results obtained in these studies can be summarized and concluded 

as follows: 

1. Examination of the presence of WHV in lymphoid cells from animals with symptomatic 

chronic hepatitis and with primary occult infection (i.e., POI) or secondary (residual) occult 

infection (i.e., SOl) confirmed that the lymphatic system is invariably infected regardless of 

whether WHY infection is serologically evident or occult. We have established a novel in situ 

PCR technique combined with flow cytometry to quantify WHV -infected cells without the 

necessity of nucleic acid extraction. The study demonstrated that a significant portion of 

circulating lymphoid cells carry the virus genome. Numbers of WHY DNA-positive cells 

ranged between 3.4 and 20.4% for symptomatic chronic infection and between 1.1 and 14.6o/o 
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for persistent occult infection. We also showed that the detection of WHY genome in 

peripheral lymphoid cells does not correlate with the serum WHY load. These results provide 

conclusive evidence that WHY infection continues indefinitely in the lymphatic system 

independently of the level at which the virus persists in the host. 

2. We confirmed the existence of primary occult WHY infection (i.e., POI) and discovered 

that its induction is determined by the dose of invading virus, but unlikely is due to the 

existence or emergence during infection of virus variant( s) specifically predisposed to infect 

lymphoid cells. Based on our detailed in vivo study examining the outcome of the infection 

induced by decreasing doses of a well-characterized, wild-type WHY, we established that the 

virus quantities lower than or equal to 103 vge cause infection restricted to the lymphatic 

system that does not engage the liver, i.e., POI. We have also found that POI does not induce 

immune protection against challenge with a high, liver pathogenic (> 1 03 vge) virus dose. In 

contrast, large doses of WHY (i.e. , > 103 vge) cause infection involving both the lymphatic 

system and the liver, and enable the development of virus-specific protective immune 

responses. This study documents that the lymphatic system is the primary target of WHY 

when small quantities of virions invade a susceptible host and that two distinctive forms of 

occult hepadnavirus infection, POI and SOl, occur in nature. 

3. By employing conditions allowing WHY serial passage in cultured woodchuck 

lymphocytes and hepatocytes, we demonstrated in vitro that the lymphotropic nature of the 
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virus is indeed not related to the emergence of a viral variant( s) preferentially infecting or 

replicating in lymphoid cells but is an intrinsic property of the wild-type virus. The virus 

sequences detected after serial passage of WHV in either lymphoid cells or hepatocytes (in 

total 13 passages in each cell type) were identical. Their sequences were the same as that of 

the wild-type virus present in inoculum. In addition, we clearly established that WHV can be 

maintained in culture, although at low levels, in both lymphoid cells and hepatocytes for 

prolonged periods of time without compromising the virus infectivity and pathogenic 

potential. 

4. For the first time, we investigated the extent to which the lymphatic system is involved in 

WHV infection induced by intrahepatic transfection with unenveloped, recircularized, 

complete rWHV DNA. We have documented that the rWHV DNA induces, in the first 

instance, infection of the lymphatic system before eventually engaging the liver. In addition, 

we have shown that the virus produced by lymphoid cells during the early time period after 

transfection, prior to liver involvement, caused classical hepatitis when adrrunistered to 

healthy woodchucks, confirming that such derived virus is infectious and liver pathogenic. 

Further, monocytic DC generated from animals with POI induced by transfection with rWHV 

DNA harbored WHY DNA and its replicative cccDNA, illustrating the importance of DC in 

the maintenance of POI. 
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5. Finally, by employing a protocol used for the derivation of monocytic DC from other 

tnammals, we were able to establish DC from woodchucks having either chronic WHY 

hepatitis or SOl. We confirmed the DC identity by determining expression of the CD209 

gene that encodes the CD209 molecule, specifically displayed on the surface of DC. For this 

purpose, we cloned and sequenced a portion of the woodchuck CD209 transcript. We 

demonstrated that DC are a reservoir of replicating WHY in animals with serologically 

evident chronic infection, by detecting WHY DNA, virus cccDNA and RNA replicative 

intermediates. Importantly, we also identified WHY DNA and cccDNA in DC derived from 

animals with SOl. These results strongly suggest that DC are a reservoir of persistent low

level WHY replication, regardless of whether the infection is serologically evident or occult. 
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CHAPTER 10: FUTURE DIRECTIONS 

The results obtained in the course of these studies have identified several important aspects 

of hepadnaviral infection which warrant further investigations. These issues include: 

1. How does hepadnavirus invade lymphoid cells? Further investigations should aim to 

elucidate the nature of the virus receptor( s) on lymphoid cells and to ascertain the 

mechanism(s) by which both intact virions and unenveloped rWHV DNA can be taken up and 

propagated in these cells. Experiments are needed to identify if there are different virus 

requirements for the infection of lymphoid cells and hepatocytes, for example, if a 

modification of viral surface proteins (envelope) is required prior to attach1nent to 

hepatocytes, while lymphoid cells can be infected by virus with a native unmodified envelope. 

Collection oflymphoid cells and hepatic tissue samples shortly after exposure to contrastingly 

different quantities of WHV and evaluations of virus presence in these samples, determined 

by sensitive molecular techniques, could delineate the time necessary after invasion to infect 

lymphoid cells. The role of lymphoid cells in virus transmission to the liver and the 

importance of the initial virus load in the development of serologically detectable infection 

associated with hepatitis also needs to be investigated in future studies. 

2. Is the life-long persistence of trace amounts ofhepadnavirus in lymphoid cells required to 

maintain virus-specific memory immune responses? As seen in other infections, the 
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persistence of virus traces may play a role in the continued re-stimulation of the immune 

system and in the perpetuation of anti-viral T cell and humoral immune responses. 

3. Which lymphoid cell subsets support the long-term persistence of WHY and to what 

extent? The production of woodchuck -specific reagents to identify lymphoid cell surface 

markers and their utilization, in concert with other techniques (e.g., in situ PCR for WHY 

DNA) could provide information about which lymphoid cells are preferentially infected by the 

virus and in which cell subset( s) virus replication persists. These findings may contribute to 

a better understanding of how the immune system is modulated by WHY infection. 

4. How does infection of DC contribute to the establishment of WHY persistence and 

modification of the function of these cells? Studies examining DC function in various forms 

of WHY infection, i.e., POI, SOl or CH, could indicate ifDC are altered in their development 

and/or function. 

5. Does the infection of the lymphatic system contribute to the final outcome of 

hepadnavirus-induced disease? Since it is known that the induction ofTh 1 type responses is 

critical in evoking effective antiviral responses able to control infection, the potential infection 

of the lymphoid cells with WHY or the ability of virus proteins (e.g. , WHY envelope proteins) 

to interact with different immune cell subsets and modulate their function needs to be 

investigated. This could explain mechanisms of the development of serologically evident or 



267 

occult WHY infections. 

6. Are there any significant differences between POI and SOl in terms of the magnitude of 

induced WHY -specific immunity? Further studies to identify the induction of protective anti

viral immune responses in these two distinct forms of hepadnaviral infection should be 

evaluated. Also, the cumulative effects of exposure to multiple small quantities of virus in the 

establishment of persistent infection are yet unknown and require examination. 

7. The most important question, and most difficult to study, is the nature of the potential 

long-term consequences of primary occult hepadnavirus infection caused by unapparent 

exposure to and subsequent low level persistence of virus in seemingly healthy individuals. 

Determination of the occurrence of POI in humans is warranted based on our findings in the 

woodchuck-WHY model, since it is now evident that trace quantities of hepadnavirus are 

capable of replication and can evade complete eradication from lymphoid cells and 

hepatocytes. This suggests that, under certain circumstances, reactivation of apparently 

donnant virus may occur during POI or SOl. Further studies of individuals with multiple 

exposure to small amounts of l-IB Y (e.g., health care professionals) could ultimately 

determine the worldwide rate ofHBY exposure. This could further identify the mechanisms 

and long-term consequences ofHBY persistence, such as HCC and cirrhosis or proliferative 

disorders of the lymphatic system. 
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APPENDICES 

APPENDIX A 

The following appendices denote the complete WHY sequences submitted to GenBank over 
the course of the thesis work. 

Appendix A.l 

LOCUS A Y334075 3308 bp DNA circular VRL 28-JAN-2004 
DEFINITION Woodchuck hepatitis B virus from sera, complete genome, WHV/tm3 

inoculum 
ACCESSION AY334075 
VERSION AY334075.1 GI:33151075 
SOURCE Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
FEATURES Location/Qualifiers 

source 1. .3308 
/organism="Woodchuck hepatitis B virus" 
/mol_ type=" genomic DNA" 
/isolation_ source="pooled sera of chronic WHV carrier 
(WHV/tm3 inoculum)" 

/db xref="taxon:35269" 
CDS join(2427 .. 3308, 1 .. 1758) 

/note=="DNA polymerase, reverse transcriptase, RNase 
activity" 

I codon start== 1 
/product==" polymerase protein" 
/protein _id=="AAP97418.1" 
/db xref="GI:33151078" 

/translation== "MHPFSRLFRNIQSLGEEEVQELLGPPEDALPLLAGEDLNHRVADALNLHL 
PT ADLQWVHKTNAITGLYSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEK 
RKLQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYLWTL WEAGIL YLRKNQ 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSSPKTSSNFRNQ 
TW ANNSSWNSGHTfWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVRG 
RIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRRI 
TGGVFLVDKNPNNSSESRLVVDFSQFSRGHTRVHWPKFAVPNLQTLANLLSTDLQWLS 
LDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVYSS 
LLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVVFA 
YMDDL VLGARTSEHL T AIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSGVL 
PQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALIPL YHAIASRT A 
FVFSSL YKSWLLSL YEEL WPVVRQRGVVCSVFADATPTGWGIA TfCQLLSGTF AFPLPI 
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AT AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVPSAL 
NP ADLPSRGLLPVLRPLPRLRFRPPTSRISL W AASPPVSPRRPVRVA WSSPVQNCEPWIPP" 

CDS join(2992 .. 3308, 1..964) 
I codon start= 1 
/product=" envelope protein" 
/protein _id=" AAP97 419.1" 
/db xref="GI:33151 079" 

/translation= "MGNNIKVTFNPDKIAA WWPAVGTYY'fl"I'YPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPLVNRDPPPKPAQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTfGDPAQSPEMSPSSLLGLLAGLQVVYFLWTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFINLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTfETfVNCRQCTISVQDMYTPPYCCCLKPT AGNC 
TCWPIPSSW ALGNYL WEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
/codon start= 1 
/product="X protein" 
/protein_id="AAP97416.1" 
/db xref="GI:33151 076" 

/translation= "MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASP ASSLSASDES 
DLPLGRLP ACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDL WTPYIR 
DQLLAKWEEGSIDPRLSTFVLGGCRHKCMRLP" 

CDS 1910 .. 2587 
I codon start= 1 
/product= " pre-core protein" 
/protein _ id=" AAP97 417.1" 
/db xref="GI:33151 077" 

/translation== " MHA TSVTMYLFHLCL VF ACVPCPTVQASKLCLGWLWGMDIDPYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT AL YEEEL TGREHCSPHHTTIRQALVCWDELTKLIA 
WMSSNITSEQVRTIIVNYVNDTWGLKVRQSLWFHLSCLTFGQHTVQEFLVSFGVWIRTP 
APYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
l aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
421 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 



481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 
90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1 081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatacctct gtatcatgct 
120 1 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
15 0 1 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
1561 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt agctaaatgg gaggagggca 
1861 gcattgatcc tagattatca acatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttccgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
21 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacaa ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ctatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
2341 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
2 5 81 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2 70 1 aattaattaa aaaattgcaa cagtattttg gtcccctgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtacttaag gaagaatcaa acaactttga 
2 941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
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3 00 1 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gccaataata 
3 3 0 1 gttcctgg 
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Appendix A.2 

LOCUS 
DEFINITION 
ACCESSION 
VERSION 
SOURCE 
FEATURES 

source 

CDS 

A Y334076 3308 bp DNA circular VRL 28-JAN-2004 
Woodchuck hepatitis B virus from liver, complete genome. 
AY334076 
AY334076.1 GI:33151080 
Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
Location/Qualifiers 
1. .3308 
I organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation source="liver of chronic WHV carrier" 
/db xref="taxon:35269" 
join(2427 .. 3308, 1 .. 1758) 
/note="DNA polymerase, reverse transcriptase, RNase 
activity" 

/codon start= 1 
/product=" polymerase protein" 
/protein_id="AAP97422.1" 
/db xref="GI:33151083" 
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/translation="MHPFSRLFRNI QSLGEEEVQ ELLGPPED ALPLLAGEDLNHR V AD ALNLHLP 
T ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEKRK 
LQLNFPARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTLWEAGIL YLRKNQTTL 
TFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVSTRDL 
SNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSK'ITIGQQGSSPKTSSNFRNQTWA 
NNSSWNSGHTIWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVRGRIK 
RLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRRITGG 
VFLVDKNPNNSSESRLVVDFSQFSRGHTRVHWPKFAVPNLQTLANLLSTDLQWLSLDV 
SAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVYSSLLL 
LFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVVF A YM 
DDLVLGARTSEHLTAIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSGVLPQD 
KHVKKLSRYLRSVPVNQPLDYKICERLTGILNYV APFTLCGY AALIPL YHAIASRT AFVFS 
SL YKSWLLSL YEELWPVVRQRGVVCSVFADATPTGWGIA lTCQLLSGTFAFPLPIAT AE 
LIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVPSALNP AD 
LPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRVA WSSPVQNCEPWIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
I codon start= 1 

/product=" envelope protein" 
/protein_id="AAP97423.1" 
/db xref="GI:33151 084" 

/translation="MGNNIKVTFNPDKIAA WWPA VGTYY·rrl'YPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWN1WQGFPVDQKLPLVNRDPPPKPAQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
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HNA YGDPFTTVSPVVPTVSTILSPPSTTGDPAQSPEMSPSSLLGLLAGLQVVYFLWTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTE1TVNCRQCTISVQDMYTPPYCCCLKPT AGNC 
TCWPIPSSW ALGNYLWEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGPAL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
I codon start= 1 
/product="X protein" 
/protein_id="AAP97420.1" 
/db xref="GI:33151081" 

/translation="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSASDES 
DLPLGRLP ACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMP SKD L WTPYIR 
DQLLAKWEEGSIDPRLSTFVLGGCRHKCMRLP" 

CDS 1910 .. 2587 
/codon start= 1 
/product="pre-core protein" 
/protein _id=" AAP97421.1" 
/db xref="GI:33151 082" 

/translation="MHA TSVTMYLFHLCL VF ACVPCPTVQASKLCLGWL WGMDIDPYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT AL YEEEL TGREHCSPHHTTIRQAL VCWDELTKLIA 
WMSSNITSEQVRTIIVNYVNDTWGLKVRQSLWFHLSCL TFGQHTVQEFL VSFGVWIRTP 
APYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
4 21 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 
90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 



1081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatacctct gtatcatgct 
1201 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
1321 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
150 1 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
1561 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt agctaaatgg gaggagggca 
1861 gcattgatcc tagattatca acatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttccgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
2 1 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacaa ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ctatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
23 41 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
2581 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2701 aattaattaa aaaattgcaa cagtattttg gtcccctgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtacttaag gaagaatcaa acaactttga 
2941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3 00 1 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gccaataata 
3 3 0 1 gttcctgg 
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Appendix A.3 

LOCUS 
DEFINITION 
ACCESSION 
VERSION 
SOURCE 
FEATURES 

source 

CDS 

A Y334077 3308 bp DNA circular VRL 28-JAN-2004 
Woodchuck hepatitis B virus from spleen, complete genome. 
AY334077 
AY334077.1 GI:33151085 
Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
Location/Qualifiers 
1..3308 
/organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation_ source=" spleen of chronic WHV carrier" 
/db xref="taxon:35269" 
join(2427 .. 3308, 1. .1758) 
/note="DNA polymerase, reverse transcriptase, RNase 
activity" 
/codon start= 1 
/product="polymerase protein" 
/protein_id="AAP97426.1" 
/db xref="GI:33151 088" 

307 

/translation="MHPFSRLFRNI QSLGEEEVQELLG PPED ALPLLAGEDLNHR V ADALN LHLP 
T ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEKRK 
LQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTL WEAGIL YLRKNQTTL 
TFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVSTRDL 
SNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSSPKTSSNFRNQTW A 
NNSSWNSGHTIWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVRGRIK 
RLDNNGTPTQCLWRSFYDSKPCGSYCII-lliiVSSIDDWGPCTVTGDVTIKSPRTPRRITGG 
VFLVDKNPNNSSESRLVVDFSQFSRGHTRVlnNPKFAVPNLQTLANLLSTDLQWLSLDV 
SAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVYSSLLL 
LFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVVFA YM 
DDL VLGARTSEHL T AIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSGVLPQ 
DKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALIPL YHAIASRT AFV 
FSSL YKSWLLSL YEELWPVVRQRGVVCSVFADATPTGWGIA TTCQLLSGTF AFPLPIA T 
AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVPSALN 
P ADLPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRVA WSSPVQNCEPWIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
/codon start= l 
/product=" envelope protein" 
/protein_id=="AAP97427.1" 
/db xref="GI:33151 089" 

/translation=="MGNNIKVTFNPDKIAA WWPA VGTYYITfYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPL VNRDPPPKP AQTFEIKPGPIIVPGIRDJ 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 



308 

HNA YGDPFTfVSPVVPTVSTILSPPSTTGDP AQSPEMSPSSLLGLLAGLQVVYFLWTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTElTVNCRQCTISVQDMYTPPYCCCLKPT AGNC 
TCWPIPSSW ALGNYLWEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
I codon start= 1 
/product="X protein" 
/protein_id="AAP97424.1" 
/db xref="GI :33151 086" 

/translation="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSASDES 
DLPLGRLPACFASASGPCCLVVTCAELRTMDSTVNFVSWHANRQLGMPSKDLWTPYIR 
DQLLAKWEEGSIDPRLSTFVLGGCRHKCMRLP" 

CDS 1910 .. 2587 
I codon start= 1 
/product="pre-core protein" 
/protein _id=" AAP97 425 . 1" 
/db xref="GI:33151 087" 

/translation= "MHA TSVTMYLFHLCL VF ACVPCPTVQASKLCLGWL WGMD ID PYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT AL YEEEL TGREHCSPHHTTIRQALVCWDEL TKLIA 
WMSSNITSEQVRTIIVNYVNDTWGLKVRQSLWFHLSCL TFGQHTVQEFL VSFGVWIR T 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 6 l aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
4 21 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
4 81 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 
90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 



1 081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatacctct gtatcatgct 
1201 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
15 0 1 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
15 61 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt agctaaatgg gaggagggca 
1861 gcattgatcc tagattatca acatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttccgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
21 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacaa ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ctatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
23 41 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2 5 21 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
2581 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2701 aattaattaa aaaattgcaa cagtattttg gtcccctgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtacttaag gaagaatcaa acaactttga 
2 941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3001 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gccaataata 
3 3 0 1 gttcctgg 
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Appendix A.4 

LOCUS A Y628095 3308 bp DNA circular VRL 15-JUN-2004 
DEFINITION Woodchuck hepatitis B virus clone 1 isolation-source serum, 

complete genome, WHV /tm2 inoculum. 
ACCESSION AY628095 
VERSION A Y628095.1 GI:48526470 
SOURCE Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
FEATURES Location/Qualifiers 

source 1 .. 3308 
I organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation_ source=" serum; of a chronic WHV carrier" 
/db xref="taxon:35269" 
/clone=" 1" 

CDS join(2427 .. 3308, 1 .. 1758) 
/note="DNA polymerase; reverse transcriptase; RNase 
activity" 
I codon start= 1 
/product="polymerase protein" 
/protein_id="AAT45432.1" 
/db xref="GI:48526473" 

310 

/translation="MHPFSRLFRNIQSLGEEEVQELLGPPED ALPLLAGED LNHRV AD ALNLHL 
PT ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEK 
RKLQLNFPARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTLWEAGIL YLRKN Q 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSSPKTSSNFRNQ 
TWA YNSSWNSGHTTWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVR 
GRIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRR 
ITGGVFL VDKNPNNSSESRL VVDFSQFSRGHTRVHWPKF A VPNLQTLANLLSTDLQWL 
SLDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVY 
SSLLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVV 
FA YMDDLVLGARTSEHL T ANTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSG 
VLPQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALMPL YHAIAS 
RT AFVFSSL YKSWLLSL YEEL WPVVRQRGVVCSVF ADA TPTGWGIA TTCQLLSGTF AFP 
LPIA T AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVP 
SALNP ADLPSRGLLPVLRPLPRLRFRPPTSRJSLW AASPPVSPRRPVRV A WSSPVQN C EP 
WIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
I codon start= 1 
/product=" envelope protein" 
/protein _id="AAT45433 .1" 
/db xref="GI:48526474" 
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/translation="MGNNIKVTFNPDKIAA WWPA VGTYYTTTYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPL VNRDPPPKP AQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTTGDPAQSPEMSPSSLLGLLAGLQVVYFLWTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTETTVNCRQCTISVQDMYTPPYCCCLKPTAGNC 
TCWPIPSSW ALGNYL WEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
/codon start=1 

-
/product="X protein" 
/protein_id="AAT45430.1" 
/db xref="GI:48526471" 

/translation= "MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSASDES 
DLPLGRLP ACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDLWTPYIR 
DQLL TKWEEGSIDPRLSIFVLGGCRHKCMRLL" 

CDS 1910 .. 2587 
I codon start= 1 
/product= "pre-core protein" 
/protein _id=" AA T 45431 .1" 
/db xref="GI:48526472" 

/translation=" MHA TS VTMYLFHLCL VF ACVPCPTV QASKLCLGWL WGMD IDPYKEFGS 
SYQLLNFLP LDFFPDLNAL VDT AT AL YEEEL TGREHCSPHHT AIRQAL VCWDEL TKLIA 
WMS SNITSEQVRTIIVNHVNDTWGLKVRQSLWFHLSCLTFGQHTVQEFL VSFGVWIRT 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
421 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 



90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatgcctct gtatcatgct 
120 1 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
1501 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
15 61 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt aactaaatgg gaggagggca 
1861 gcattgatcc tagattatca atatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttctgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
210 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacag ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ccatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
23 41 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
2581 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2 70 1 aattaattaa aaaattgcaa cagtattttg gtcccttgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtatttaag gaagaatcaa acaactttga 
2941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3001 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gcctataata 
3301 gttcctgg 
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Appendix A.5 

LOCUS 
DEFINITION 

ACCESSION 
VERSION 
SOURCE 
FEATURES 

source 

AY628096 3308 bp DNA circular VRL 15-JUN-2004 
Woodchuck hepatitis B virus clone 2 isolation-source serum, 
complete genome, WHV/tm2 inoculum. 
AY628096 
AY628096.1 GI:48526475 
Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
Location/Qualifiers 
1 .. 3308 
/organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation_ source=" serum~ of a chronic WHV carrier" 
/db xref="taxon:35269" 
/clone="2" 

CDS join(2427 .. 3308, 1. .1758) 
/note="DNA polymerase~ reverse transcriptase; RNase 
activity" 

I codon start= 1 
/product=" polymerase protein" 
/protein_id=" AAT45436.1" 
/db xref="GI:48526478" 
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/translation="MHPFSRLFRNIQSLGEEEVQELLGPPEDALPLLAGEDLNHRV ADALNLHL 
PT ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEK 
RKLQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYLWTL WEAGIL YLRKNQ 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILSKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSTPKTSSNFRNQ 
TWA YNSSWNSGHTTWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVR 
GRIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRR 
ITGGVFLVDKNPNNSSESRL VVDFSQFSRGHTRVHWPKF A VPNLQTLANLLSTDLQWL 
SLDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVY 
SSLLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVV 
FA YMDDLVLGARTSEHLTAIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSG 
VLPQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALMPL YHAIAS 
RT AFVFSSL YKSWLLSL YEELWPVVRQRGVVCSVF ADATPTGWGIA TTCQLLSGTF AFP 
LPIAT AELIAACLARCWTGARLLGTDNSVVLSGKLTSFPWLLACVANWILRGTSFCYVP 
SALNP ADLPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRVA WSSPVQNCEP 
WIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
/codon start= 1 
/product=" envelope protein" 
/protein_id="AAT45437.1" 
/db xref="GI:48526479" 



314 

/translation="MGNNIKVTFNPDKIAA WWP A VGTYYTTTYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPL VNRDPPPKP AQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTTGDP AQSPEMSPSSLLGLLAGLQVVYFL WTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTETTVNCRQCTISVQDMYTPPYCCCLKPT AGN C 
TCWPIPSSWALGNYLWEWALARFSWLNLLVPLLQWLGGISLIAWFLLIWMIWFWGPAL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
/codon start= 1 
/product="X protein" 
/protein _id=" AA T 45434. 1" 
/db xref="GI:48526476" 

/translation="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSASDES 
DLPLGRLP ACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDL WTPYIR 
DQLL TKWEEGSIDPRLSIFVLGGCRHKCMRLL" 

CDS 1910 .. 2587 
/codon start= 1 
/product="pre-core protein" 
/protein _id=" AA T 4543 5. 1" 
/db xref="GI:48526477" 

/translation="MHA TSVTMYLFHLCL VF ACVPCPTVQASKLCLGWL WGMDIDPYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT AL YEEEL TGREHCSPHHTAIRQALVCWDELTKLIA 
WMSSNITSEQVRTIIVNHVNDTWGLKVRQSLWFHLSCL TFGQHTVQEFL VSFGVWIR T 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
421 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 



90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatgcctct gtatcatgct 
1201 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
150 1 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
1561 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt aactaaatgg gaggagggca 
1861 gcattgatcc tagattatca atatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttctgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
2 l 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacag ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ccatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
2341 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
25 81 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2701 aattaattaa aaaattgcaa cagtattttg gtcccttgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtatttaag gaagaatcaa acaactttga 
2 941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3001 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttag taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc cacccccaaa accagctcaa actttcgaaa tcaaacctgg gcctataata 
330 l gttcctgg 
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Appendix A.6 

LOCUS 
DEFINITION 

ACCESSION 
VERSION 
SOURCE 
FEATURES 

source 

A Y628097 3308 bp DNA circular VRL 15-JUN-2004 
Woodchuck hepatitis B virus clone 1 isolation-source liver, 
complete genome. 
AY628097 
AY628097.1 GI:48526480 

Woodchuck hepatitis B virus; Hepadnaviridae~ Orthohepadnavirus. 
Location/Qualifiers 

1 .. 3308 
/organism="Woodchuck hepatitis B virus" 

/mol_type="genomic DNA" 
/isolation_ source="liver~ of a chronic WHY carrier" 
/db xref="taxon:3 5269" 
I clone=" 1" 

CDS join(2427 .. 3308, 1 .. 1758) 
/note="DNA polymerase; reverse transcriptase; RNase 
activity" 

/codon start= I 
/product="polymerase protein" 
/protein_id="AAT45440. 1" 
/db xref="GI:48526483" -

316 

/translation="MHPFSRLFRNIQSLGEEEVQELLGPPEDALPLLAGEDLNHRVADALNLHL 
PT ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEK 
RKLQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTL WEAGIL YLRKNQ 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSSPKTSSNFRNQ 
TWA YNSSWNSGHTTWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVR 
GRIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRR 
ITGGVFLVDKNPNNSSESRLVVDFSQFSRGHTRVHWPKFAVPNLQTLANLLSTDLQWL 
SLDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVY 
SSLLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVV 
FA YMDDL VLGARTSEHLTAIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSG 
VLPQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALMPL YHAIAS 
RT AFVFSSL YKSWLLSL YEEL WPVVRQRGVVCSVF ADATPTGWGIA TTCQLLSGTF AFP 
LPIA T AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVP 
SALNP ADLPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRVA WSSPVQNCEP 
WIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
/codon start= I 
/product=" envelope protein" 
/protein _ id= " AA T 4 5441 . 1" 
/db xref="GI:48526484" 



317 

/translation=="MGNNIKVTFNPDKIAA WWP A VGTYYTTTYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWN1WQGFPVDQKLPLVNRDPPPKPAQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTTGDP AQSPEMSPSSLLGLLAGLQVVYFLWTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTETfVNCRQCTISVQDMYTPPYCCCLKPT AGNC 
TCWPIPSSW ALGNYLWEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
I codon start== 1 
/product="X protein" 
/protein_id=="AAT45438.1" 
/db xref="GI:48526481" 

/translation=="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSTSDES 
DLPLGRLP ACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDLWTPYIR 
DQLL TKWEEGSIDPRLSIFVLGGCRHKCMRLL" 

CDS 1910 .. 2587 
/codon start== 1 
/product=="pre-core protein" 
/protein_id=="AAT45439.1" 
/db xref="GI:48526482" 

/translation= "MHA TSVTMYLFHLCL VF ACVPCPTVQASKLCLGWLWGMDIDPYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT ALYEEELTGREHCSPiffiTAIRQAL VCWDEL TKLIA 
WMSSNITSEQVRTIIVNHVND1WGLKVRQSLWFHLSCLTFGQHTVQEFLVSFGVWIRT 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
I aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
4 21 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
7 8 1 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 



90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1 081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatgcctct gtatcatgct 
1201 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
1501 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
15 61 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg acctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt aactaaatgg gaggagggca 
1861 gcattgatcc tagattatca atatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttctgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
21 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacag ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ccatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
23 41 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
25 21 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
25 81 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
270 1 aattaattaa aaaattgcaa cagtattttg gtcccttgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtatttaag gaagaatcaa acaactttga 
2941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3001 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gcctataata 
3301 gttcctgg 
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Appendix A. 7 

LOCUS 
DEFINITION 

ACCESSION 
VERSION 
SOURCE 
FEATURES 

source 

AY628098 3308 bp DNA circular VRL 15-JUN-2004 
Woodchuck hepatitis B virus clone 2 isolation-source liver, 
complete genome. 
AY628098 
A Y628098.1 GI:48526485 
Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
Location/Qualifiers 
1..3308 
I organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation_ source="liver; of a chronic WHV carrier" 
/db xref="taxon:35269" 
/clone="2" 

CDS join(2427 .. 3308, 1 .. 1758) 
/note="DNA polymerase; reverse transcriptase; RNase 
activity" 

/codon start=l 
/product=" polymerase protein" 
/protein_id="AAT45444.1" 
/db xref="GI:48526488" 

319 

/translation="MHPFSRLFRNIQSLGEEEVQELLGPPEDALPLLAGEDLNHRVADALNLHL 
PT ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEK 
RKLQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTL WEAGIL YLRKNQ 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSSPKTSSNFRNQ 
TWA YNSSWNSGHTTWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVR 
GRIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRR 
ITGGVFL VDKNPNNSSESRL VVDFSQFSRGHTRVHWPKFAVPNLQTLANLLSTDLQWL 
SLDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVY 
SSLLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVV 
FA YMDDLVLGARTSEHL T AIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSG 
VLPQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALMPL YHAIAS 
RT AFVFSSL YKSWLLSL YEELWPVVRQRGVVCSVF ADA TPTGWGIA TTCQLLSGTF AFP 
LPIAT AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACVANWILRGTSFCYVP 
SALNP ADLPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRV A WS SPVQNCEP 
WIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
/codon start= 1 
/product=" envelope protein" 
/protein_id="AAT45445.1" 
/db xref="GI:48526489" 



320 

/translation=="MGNNIKVTFNPDKIAA WWPA VGTYYTTTYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPLVNRDPPPKPAQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTTGDP AQSPEMSPSSLLGLLAGLQVVYFL WTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTETTVNCRQCTISVQDMYTPPYCCCLKPTAGNC 
TCWPIPSSW ALGNYLWEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
/codon start=l 
/product="X protein" 
/protein_id="AAT45442.1" 
/db xref="GI:48526486" 

/translation="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSASDES 
DLPLGRLPACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDL WTPYIR 
DQLLTKWEEGSIDPRLSIFVLGGCRHKCMRLL" 

CDS 1910 .. 2587 
I codon start= 1 
/product=="pre-core protein" 
/protein _id=" AA T 45443. 1" 
/db xref="GI:48526487" 

/translation=" MHA TS VTMYLFHLCL VF A CVPCPTV Q ASKLCLGWL WGMDIDPYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT AL YEEEL TGREHCSPIDIT AIRQAL VCWDELTKLIA 
WMSSNITSEQVRTIIVNHVNDTWGLKVRQSLWFHLSCLTFGQHTVQEFLVSFGVWIRT 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
18 1 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 01 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
4 21 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 



90 1 gagcatctta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatgcctct gtatcatgct 
1201 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
1501 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
1561 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
17 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
1801 gcaaggacct ttggactcct tatataagag atcaattatt aactaaatgg gaggagggca 
1861 gcattgatcc tagattatca atatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttctgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
21 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacag ctattagaca agctttagta tgctgggatg aattaactaa 
2221 actgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ccatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
2341 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
2581 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2701 aattaattaa aaaattgcaa cagtattttg gtcccttgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtatttaag gaagaatcaa acaactttga 
2941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3 00 1 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gcctataata 
3301 gttcctgg 
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Appendix A.8 

LOCUS 
DEFINITION 

ACCESSION 
VERSION 
SOURCE 
FEATURES 

source 

A Y628099 3308 bp DNA circular VRL 15-JUN-2004 
Woodchuck hepatitis B virus clone 1 isolation-source spleen~ 
complete genome. 
AY628099 
AY628099.1 Gl:48526490 
Woodchuck hepatitis B virus~ Hepadnaviridae~ Orthohepadnavirus. 
Location/Qualifiers 

1 .. 3308 
/organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation_ source=" spleen~ of a chronic WHY carrier" 
/db xref="taxon:35269" 
I clone=" 1 " 

CDS join(2427 .. 3308~ 1 .. 1758) 
/note=11DNA polymerase, reverse transcriptase, RNase 
activity" 
/codon start= 1 
/product=" polymerase protein" 
/protein_id="AAT45448.1 11 

/db xref="GI:48526493" 
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/translation=" MHPFSRLFRNIQSLGEEEVQELLGPPED ALPLLAG ED LNHR V ADALNLHL 
PT ADLQWVHKTNAITGL YSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPL TINEK 
RKLQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTL WEAGIL YLRKNQ 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILGKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSSPKTSSNFRNQ 
TWA YNSSWNSGHTTWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVR 
GRIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRR 
ITGGVFL VDKNPNNSSESRL VVDFSQFSRGHTRVHWPKF AVPNLQTLANLLSTDLQWL 
SLDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVY 
SSLLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVV 
FA YMDDLVLGARTSEHL TAIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSG 
VLPQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALMPL YHAIAS 
RT AFVFSSL YKSWLLSL YEEL WPVVRQRGVVCSVF ADA TPTGWGIA TTCQLLSGTF AFP 
LPIA T AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVP 
SALNPADLPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRVAWSSPVQNCEP 
WIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
/codon start= 1 
/product=" envelope protein" 
/protein_id="AAT45449.1 11 

/db xref="GI:48526494" 
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/translation=="MGNNIKVTFNPDKIAA WWPA VGTYYTTTYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPLVNRDPPPKPAQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTTGDP AQSPEMSPSSLLGLLAGLQVVYFL WTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTETfVNCRQCTISVQDMYTPPYCCCLKPTAGNC 
TCWPIPSSW ALGNYL WEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
I codon start== 1 
/product=="X protein" 
/protein_id=="AAT45446.1 11 

/db xref==11GI:48526491 11 

/translation=="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSTSDES 
DLPLGRLPACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDL WTPYIR 
DQLL TKWEEGSIDPRLSIFVLGGCRHKCMRLL11 

CDS 1910 .. 2587 
/codon start== 1 
I product==" pre-core protein" 
/protein_id=="AAT45447.1" 
/db xref==11 GI :48526492 11 

/translation=="MHA TS VTMYLFHLCL VF ACVPCPTV Q ASKLCLGWL WGMD IDPYKEFGS 
SYQLLNFLPLDFFPDLNAL VDT AT AL YEEEL TGREHCSPHHT AIRQAL VCWDEL TKLIA 
WMS SNITSEQVRTIIVNHVNDTWGLKVRQSL WFHLSCL TFGQHTVQEFL VSFGVWIRT 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
12 1 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
4 21 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 1 acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 
841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 



90 1 gag cat etta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatgcctct gtatcatgct 
120 1 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
1501 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
1561 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg acctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
1 7 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt aactaaatgg gaggagggca 
1861 gcattgatcc tagattatca atatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttctgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1 981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
21 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacag ctattagaca agctttagta tgctgggatg aattaactaa 
2221 attgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ccatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
2341 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
25 81 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2701 aattaattaa aaaattgcaa cagtattttg gtcccttgac tattaatgaa aagagaaaat 
2 7 61 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtatttaag gaagaatcaa acaactttga 
2941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3 00 1 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttgg taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc ctcccccaaa accagctcaa actttcgaaa tcaaacctgg gcctataata 
3 3 0 1 gttcctgg 
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Appendix A.9 

LOCUS A Y6281 00 3308 bp DNA circular VRL 15-JUN-2004 
DEFINITION Woodchuck hepatitis B virus clone 2 isolation-source spleen, 

complete genome. 
ACCESSION AY628100 
VERSION A Y6281 00.1 GI:48526495 
SOURCE Woodchuck hepatitis B virus; Hepadnaviridae; Orthohepadnavirus. 
FEATURES Location/Qualifiers 

source 1..3308 
I organism="Woodchuck hepatitis B virus" 
/mol_type="genomic DNA" 
/isolation_ source="spleen; of a chronic WHY carrier" 
/db xref="taxon:35269" 
/clone="2" 

CDS join(2427 .. 3308, 1 .. 1758) 
/note="DNA polymerase~ reverse transcriptase; RNase 
activity" 
/codon start=1 -
/product=" polymerase protein" 
/protein_id="AAT45452.1" 
/db xref="GI:48526498" 
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/translation="MHPFSRLFRNIQSLGEEEVQELLGPPEDALPLLAGEDLNHRVADALNLHL 
PTADLQWVHKTNAITGLYSNQAAQFNPHWIQPEFPELHLHNELIKKLQQYFGPLTINEK 
RKLQLNFP ARFFPKA TKYFPLIKGIKNNYPNF ALEHFF AT ANYL WTLWEAGIL YLRKNQ 
TTLTFKGKPYSWEHRQLVQHNGQQHKSHLQSRQNSSVVACSGHLLHNHLPSEPVSVST 
RDLSNNILSKSQNSTRTGLCSHKQIQTDRLEHLARISCGSKTTIGQQGSTPKTSSNFRNQ 
TWA YNSSWNSGHTTWFSSASNSNKSRSREKA YSSNSTSKRYSPPLNYEKSDFSSPGVR 
GRIKRLDNNGTPTQCLWRSFYDSKPCGSYCIHHIVSSIDDWGPCTVTGDVTIKSPRTPRR 
ITGGVFL VDKNPNNSSESRL VVDFSQFSRGHTRVHWPKFA VPNLQTLANLLSTDLQWL 
SLDVSAAFYHIPISP AA VPHLL VGSPGLERFNTCLSYSTHNRNNSQLQTMHNLCTRHVY 
SSLLLLFKTYGRKLHLLAHPFIMGFRKLPMGVGLSPFLLAQFTSALASMVRRNFPHCVV 
FA YMDDLVLGARTSEHL T AIYTHICSVFLDLGIHLNVNKTKWWGNHLHFMGYVITSSG 
VLPQDKHVKKLSRYLRSVPVNQPLDYKICERL TGILNYV APFTLCGY AALMPL YHAIAS 
RT AFVFSSL YKSWLLSL YEEL WPVVRQRGVVCSVF ADATPTGWGIA TTCQLLSGTF AFP 
LPIA T AELIAACLARCWTGARLLGTDNSVVLSGKL TSFPWLLACV ANWILRGTSFCYVP 
SALNP ADLPSRGLLPVLRPLPRLRFRPPTSRISLW AASPPVSPRRPVRV A WSSPVQNCEP 
WIPP" 

CDS join(2992 .. 3308, 1 .. 964) 
I codon start= 1 
/product=" envelope protein" 
/protein_id="AAT45453.1" 
/db xref="GI:48526499" 
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/translation="MGNNIKVTFNPDKIAA WWP A VGTYYTTTYPQNQSVFQPGIYQTTSL VNP 
KTQQELDSVLINRYKQIDWNTWQGFPVDQKLPLVNRDPPPKPAQTFEIKPGPIIVPGIRDI 
PRGLVPPQTPTNRDQGRKPTPPTPPLRDTHPHLTMKNQTFHLQGFVDGLRDLTTTERQ 
HNA YGDPFTTVSPVVPTVSTILSPPSTTGDP AQSPEMSPSSLLGLLAGLQVVYFL WTKIL 
TIAQNLDWWWTSLSFPGGIPECTGQNSQFQTCKHLPTSCPPTCNGFRWMYLRRFIIYLL 
VLLLCLIFLL VLLDWKGLIPVCPIQPTTE1TVNCRQCTISVQDMYTPPYCCCLKPT AGNC 
TCWPIPSSW ALGNYL WEW ALARFSWLNLL VPLLQWLGGISLIA WFLLIWMIWFWGP AL 
LSILPPFIPIFVLFFLIWVYI" 

CDS 1503 .. 1928 
I codon start= 1 
/product="X protein 11 

/protein_id="AAT45450.1 11 

/db xref="GI:48526496" 
/translation="MAARLCCQLDPTRDVLLLRPFSSQSSGPPFPRPSAGSAASPASSLSASDES 
DLPLGRLP ACF ASASGPCCL VVTCAELRTMDSTVNFVSWHANRQLGMPSKDL WTPYIR 
DQLL TKWEEGSIDPRLSIFVLGGCRHKCMRLL" 

CDS 1910 .. 2587 
/codon start=l 
/product=11 pre-core protein" 
/protein _ id= " AA T 45451 . 1" 
/db xref= 11GI:48526497" 

/translation= "MHA TSVTMYLFHLCL VF ACVPCPTVQASKLCLGWLWGMDIDPYKEFGS 
SYQLLNFLPLDFFPDLNALVDT AT AL YEEELTGREHCSPHHTAIRQAL VCWDEL TKLIA 
WMSSNITSEQVRTIIVNHVNDTWGLKVRQSLWFHLSCLTFGQHTVQEFLVSFGVWIRT 
PAPYRPPNAPILSTLPEHTVIRRRGGARASRSPRRRTPSPRRRRSQSPRRRRSQSPSANC" 

ORIGIN 
1 aattcgggac ataccacgtg gtttagttcc gcctcaaact ccaacaaatc gagatcaagg 

61 gagaaagcct actcctccaa ctccacctct aagagatact cacccccact taactatgaa 
121 aaatcagact tttcatctcc aggggttcgt ggacggatta agagacttga caacaacgga 
181 acgccaacac aatgcctatg gagatccttt tacgacagta agccctgtgg ttcctactgt 
241 atccaccata ttgtctcctc catcgacgac tggggaccct gcacagtcac cggagatgtc 
3 0 1 accatcaagt ctcctaggac tcctcgcagg attacaggtg gtgtatttct tgtggacaaa 
3 61 aatcctaaca atagctcaga atctagattg gtggtggact tctctcagtt ttccaggggg 
4 21 cataccagag tgcactggcc aaaattcgca gttccaaact tgcaaacact tgccaacctc 
481 ctgtccaccg acttgcaatg gctttcgttg gatgtatctg cggcgtttta tcatatacct 
541 attagtcctg ctgctgtgcc tcatcttctt gttggttctc ctggactgga aaggtttaat 
60 I acctgtctgt cctattcaac ccacaacaga aacaacagtc aattgcagac aatgcacaat 
661 ctctgtacaa gacatgtata ctcctcctta ctgttgttgt ttaaaaccta cggcaggaaa 
721 ttgcacttgc tggcccatcc cttcatcatg ggctttagga aattacctat gggagtgggc 
781 cttagcccgt ttctcttggc tcaatttact agtgcccttg cttcaatggt taggaggaat 

841 ttccctcatt gcgtggtttt tgcttatatg gatgatttgg ttttgggggc ccgcacttct 



90 1 gag cat etta ccgccattta tacccatatt tgttctgttt ttcttgattt gggtatacat 
961 ttaaatgtta ataaaacaaa atggtggggc aatcatttac attttatggg atatgtaatt 
1 021 actagttcag gtgtattgcc acaagataaa catgttaaga aactttcccg ttatttacga 
1081 tctgttcctg ttaatcaacc tctggattac aaaatttgtg aaagattgac tggtattctt 
1141 aactatgttg ctccttttac gctgtgtgga tatgctgctt taatgcctct gtatcatgct 
1201 attgcttccc gtacggcttt cgttttctcc tccttgtata aatcctggtt gctgtctctt 
1261 tatgaggagt tgtggcccgt tgtccgccaa cgtggcgtgg tgtgctctgt gtttgctgac 
13 21 gcaaccccca ctggctgggg cattgccacc acctgtcaac tcctttctgg gactttcgct 
13 81 ttccccctcc cgatcgccac ggcagaactc atcgccgcct gccttgcccg ctgctggacg 
1441 ggggctaggt tgttgggcac tgataattcc gtggtgttgt cggggaagct gacgtccttt 
1501 ccatggctgc tcgcctgtgt tgccaactgg atcctacgcg ggacgtcctt ctgctacgtc 
1561 ccttcagctc tcaatccagc ggacctccct tcccgaggcc ttctgccggt tctgcggcct 
1621 ctcccgcgtc ttcgctttcg gcctccgacg agtcggatct ccctttgggc cgcctccccg 
1681 cctgtttcgc ctcggcgtcc ggtccgtgtt gcttggtcgt cacctgtgca gaattgcgaa 
17 41 ccatggattc caccgtgaac tttgtctcct ggcatgcaaa tcgtcaactt ggcatgccaa 
180 1 gcaaggacct ttggactcct tatataagag atcaattatt aactaaatgg gaggagggca 
1861 gcattgatcc tagattatca atatttgtat taggaggctg taggcataaa tgcatgcgac 
1921 ttctgtaacc atgtatcttt ttcacctgtg ccttgttttt gcctgtgttc catgtcctac 
1981 tgttcaagcc tccaagctgt gccttggatg gctttggggc atggacatag atccttataa 
2041 agaatttggt tcatcttatc agttgttgaa ttttcttcct ttggacttct ttcctgatct 
21 0 1 taatgctttg gtggacactg ctactgcttt gtatgaagaa gaactaacag gtagggaaca 
2161 ttgctctccg catcatacag ctattagaca agctttagta tgctgggatg aattaactaa 
2221 actgatagct tggatgagtt ctaacataac ttctgaacaa gtaagaacaa tcattgtaaa 
2281 ccatgtcaat gatacctggg gacttaaggt gagacaaagt ttatggtttc atttgtcatg 
2341 tctcactttc ggacaacata cagttcaaga atttttagta agttttggag tatggatcag 
240 1 gactccagct ccatatagac ctcctaatgc acccattctc tcgactcttc cggaacatac 
2461 agtcattagg agaagaggag gtgcaagagc ttctaggtcc cccagaagac gcactccctc 
2521 tcctcgcagg agaagatctc aatcaccgcg tcgcagacgc tctcaatctc catctgccaa 
25 81 ctgctgatct tcaatgggta cataaaacta atgctattac aggtctttac tctaaccaag 
2641 ctgctcagtt taacccgcat tggattcaac ctgagtttcc tgagcttcat ttacacaatg 
2 701 aattaattaa aaaattgcaa cagtattttg gtcccttgac tattaatgaa aagagaaaat 
2761 tgcaattaaa ttttcctgca agatttttcc ccaaagctac taaatatttc cctttaatta 
2821 aaggcataaa aaacaattat cctaattttg ctttagaaca tttctttgct accgcaaatt 
2881 atttgtggac tttatgggaa gctggaattt tgtatttaag gaagaatcaa acaactttga 
2941 cttttaaagg taaaccatat tcttgggaac acagacagct agtgcaacat aatgggcaac 
3001 aacataaaag tcaccttcaa tccagacaaa atagcagcgt ggtggcctgc agtgggcact 
3 061 tattacacaa ccacttaccc tcagaaccag tcagtgtttc aaccagggat ttatcaaaca 
3 121 acatccttag taaatcccaa aactcaacaa gaactggact ctgttctcat aaacagatac 
3 181 aaacagatag attggaacac ttggcaagga tttcctgtgg atcaaaaact accattggtc 
3 241 aacagggatc cacccccaaa accagctcaa actttcgaaa tcaaacctgg gcctataata 
3 3 0 1 gttcctgg 
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APPENDIXB 

The following appendix shows the eDNA sequence of the fragment of the woodchuck 
CD209 gene cloned during the study. 

LOCUS A Y842283 676 bp mRNA linear ROD 30-NOV -2004 
DEFINITION Marmota monax DC-SIGN (CD209) partial sequence from immature 

dendritic cells. 
ACCESSION A Y842283 
SOURCE Marmota monax. 
ORGANISM Marmota monax 
FEATURES Location/Qualifiers 

source 1. .676 

ORIGIN 

/organism="Marmota monax" 
/db xref="taxon:9995" 
/tissue_ type=" dendritic cells" 

/lab host="woodchuck" 

1 atgagtgact ccaaggaacc aagactgcag cagctgggcc tcctggagga ggaacagctg 
61 acatccagcc acaccaggca ctccatcaaa ggccttggat tccaaacaaa ttctggattc 
121 agtagcttca cagggtgtct tggccatggt ccctggtgcc tgcaactcct ctccttcacg 
181 ctcttggctg ggctcctggt tgtccaagtg tccaaagttc cccagctcca taagtcagga 
241 acaatccagg caagacgcga tctaccagaa ccctgaccca gtttaaagct ggcgtagatc 
301 aactctcaga gacgctcctg cccctggaga tctaccagga gctgacccag ctgaaggctc 
3 61 cagtctgtga cccagaagtc ctggaatgat tctgccactg gctgccacgg ctgaggggcg 
4 21 caacttgtgg tgcttccaga gaaatctaag ctgcagaact ttctaccaca gacttctaag 
481 actagaggct acacttggta ggctctcatt gaaaactaga atgcaaggaa gtctacatgg 
541 tactgactag actgttcacc tctgactctc agcttcatga agtatctaga gtaaaggaga 
60 1 acctaccagg acctgggaga ggtagacggt gcagtagttc agagatgacg gctggaatgg 
661 caccagatgt actaac 








