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Abstract 
 

The hepadnavirus family contains two genera, Orthohepadnaviruses that infect mammals and 

Avihepadnaviruses t hat i nfect bi rds. T he m ost t horoughly s tudied m embers of  t he 

hepadnavirus family include hepatitis B virus (HBV), which infects humans and chimpanzees, 

woodchuck he patitis vi rus ( WHV), w hich i nfects w oodchucks, a nd duc k he patitis B  vi rus 

(DHBV), which i nfects duc ks. A ll h epadnaviruses ha ve similar genome s tructure a nd 

organisation of the open reading frames on their genome, and also show extensive nucleotide 

sequence hom ology w ithin, but  not  be tween, ge nera. All he padnaviruses primarily in fect 

hepatocytes a nd h ave s imilar i nfection out comes i n t heir n atural hos ts. T he out come o f 

hepadnavirus infection can be divided into either acute, with successful clearance of infection 

from the host and establishment of immune control, or chronic, where infection is not cleared, 

resulting in persistent lifelong infection that is linked to various forms of liver disease. 

 

The m echanisms i nvolved i n i mmune c learance of  he padnavirus i nfections a re poor ly 

understood. It h as be en hypothesised t hat vi rus DNA a nd pr oteins are, 1) cleared f rom t he 

liver c ytolytically b y k illing of  t he i nfected h epatocytes, or  2)  can be de stroyed n on-

cytolytically by cytokines, leaving the infected hepatocyte intact. In this study, the mechanism 

of immune clearance was explored using molecular approaches to detect integrated virus-cell 

junctions, formed by the integration of DHBV DNA into the duck liver genome. The rate of 

DHBV DNA integration is thought to be low (reported to occur at a rate of ~1 in 103 – 104 

cells b y 6 d ay pos t i nfection ( dpi)) (Yang a nd Summers, 1999) , a nd t he s ite of  vi ral D NA 

integration into the host cell genome is random. Hence, each integration event will produce a 

unique integrated virus-cell junction that can be used as a genetic marker for that cell, which 

allows the fate of the DHBV-infected hepatocytes to be observed in the liver during various 

stages of  bot h a cute a nd c hronic D HBV i nfection. Integrated vi rus-cell j unctions c an be  

detected using inverse nested PCR (invPCR), as described by Yang and Summers (Yang and 

Summers, 1999) . T hus, t his s tudy aimed t o de termine w hether cytolytic or  non -cytolytic 

clearance of infected hepatocytes occurred, with the ultimate aim of contributing knowledge 

to assist in the development of new therapies for patients with chronic HBV infection. 

 

Initially, several molecular assays required for the characterisation of DHBV infection and the 

invPCR assay were established and optimised. These included DNA sequencing reactions and 

subsequent purification of DNA sequencing products (Chapter 3.1), quantitative PCR (qPCR) 

assays used for the detection of  DHBV total and cccDNA (Chapter 3.2) , as well as cloning 

and s equencing of  t he duc k beta actin (β actin) and glyceraldehyde-3-phosphate 
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dehydrogenase (GAPDH) genes. The latter were both used as internal controls in the qPCR 

assays to quantify levels of DHBV total and cccDNA per cell (Chapter 4). Several parameters 

were t ested an d compared f or each m olecular a ssay t o generate f inal o ptimised pr otocols, 

which were then applied both throughout subsequent Chapters and in other work performed in 

the l aboratory. T he duc k β actin and GAPDH genes were characterised and the sequences 

were submitted to GenBank (GenBank Accession GU564232 and GU564233 respectively). 

 

The i nvPCR pr otocol w as opt imised b y c omparing 8 di fferent l iver c ell D NA e xtraction 

methods, to determine the method that most efficiently extracted high molecular weight (MW) 

DNA from small quantities of frozen liver (Chapter 5.1). One of the major problems with the 

invPCR a ssay w as t he high l evel of  vi rus-virus ( false p ositive) s equences generated f rom 

replicative forms o f v irus D NA. T herefore, t he u se o f l ocked n ucleic a cids ( LNA) 

oligonucleotides that were specific for the DHBV genome were tested as a potential selective 

tool to block the amplification of DHBV DNA (Chapter 5.2). LNA oligonucleotides can bind 

with high affinity to their complementary DNA sequence, forming high melting temperature 

LNA-DNA complexes which then block amplification of  that DNA sequence. Although the 

LNAs successfully blocked amplification of  vi rus DNA, due to the high cost of  LNA, their 

use i n i nvPCR a ssays could not  be  pur sued i n t his t hesis. A s a  pos sible alternative to  th e 

invPCR assay, a linker ligation assay was assessed for its ability to detect integrated virus-cell 

junctions i n s amples of  W HV-infected w oodchuck a nd D HBV-infected duc k l iver t issue 

(Chapter 5.3). However, as the efficiency of detection of integrated virus-cell junctions using 

linker lig ation a ssay was s imilar to  th e e fficiency o f th e in vPCR a ssay, it w as n ot f urther 

developed in this thesis, as the linker ligation assay is more complicated and time-consuming 

than invPCR. 

 

After optimising all the required molecular assays required for the invPCR assay in previous 

Chapters, t he i nvPCR a ssay w as f irst pe rformed on pl asmid D NA c onstructs a s m odel 

systems, in order to determine the sensitivity and efficiency of the assay (Chapter 5.4). It was 

found that the invPCR assay was able to amplify from a single copy of DNA template. The 

invPCR a ssay w as a lso pe rformed on s amples of  W HV-infected w oodchuck a nd H BV-

infected chimpanzee liver tissue in collaboration with Dr. William Mason (Chapter 5.5). The 

results o f th e in vPCR a ssay results confirmed th at th e assays established in  th is s tudy had 

comparable e fficiency with pr eviously publ ished i nvPCR a ssays, a nd could be  c onfidently 

applied in this thesis. The integrated virus-cell junctions obtained in this study were included 

as a subset of the data published by Mason et al. 2009a and 2009b.  
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In or der t o establish a n i nvPCR a ssay s pecifically for t he A usDHBV s train ( GenBank 

Accession AJ006350), several DHBV invPCR assays were designed, and preliminary studies 

were performed on l iver tissues collected previously in the laboratory from ducks with acute 

and c hronic DHBV i nfection ( Chapter 6 ). U p t o 38 i ntegrated vi rus-cell ju nctions w ere 

successfully de tected, a mong w hich 3 j unctions w ere r epeated, s uggesting t hat c lonal 

proliferation of hepatocytes had occurred in the duck liver. Characterisation of the integrated 

DHBV D NA s howed t hat, c onsistent t o pr evious s tudies, t he m ost pr obable l eft a nd r ight 

hand end of the integrated DHBV dslDNA was at nucleotide position 2537 nt and ~2485 nt 

respectively, with no significant patterns or apparent preference of DHBV integration sites in 

the duck genome. The duck invPCR assay was subsequently extensively used in Chapters 7 

and 8. 

 

To achieve the main aim of this thesis, and to explore if cytolytic or non-cytolytic clearance 

occurs during the resolution of  acute hepadnavirus infection, the invPCR assay was used to 

detect i ntegrated v irus-cell j unctions dur ing a nd a fter r esolution of  a cute D HBV i nfection. 

This DHBV model provided an advantage over the WHV-infected woodchuck and the HBV-

infected c himpanzee m odels, w here he padnavirus i nfection s preads to > 95% of  t he 

hepatocytes i n t he l iver. W idespread i nfection requires t he di vision of  i nfected he patocytes 

during clearance to replace hepatocytes killed by the host immune response. But in the duck 

model, D HBV i nfection c an be  e stablished i n d ucks b y i noculation w ith de fined dos es of  

DHBV to achieve a maximum DHBV infection of <10% of the hepatocytes prior to immune 

clearance. Therefore, when the few DHBV-infected hepatocytes were ki lled, they would be  

most l ikely be  r eplaced b y di vision of  uni nfected he patocytes. It i s t hus e xpected t hat i f 

cytolytic hepatocyte killing was the predominant response to DHBV infection, the integrated 

virus-cell junctions would not be detected in the recovered liver, as the infected hepatocytes 

would be  destroyed and replaced b y previously uninfected hepatocytes. Conversely, i f non-

cytolytic hepatocyte curing was predominant, the integrated virus-cell junctions would still be 

detected a fter cl earance of infection as  they would be p resent in the cel lular genome of the 

“cured” hepatocytes. 

 

Using AusDHBV, acute DHBV infections were established in 3, 6 -week-old ducks (Chapter 

7). At 4 dpi , active DHBV replication was occurring (159 and 3.6 copies of DHBV total and 

cccDNA per infected hepatocyte) with ~4.4% of DHBV surface antigen (DHBsAg)-positive 

hepatocytes i n t he l iver. A t 45 dpi , < 0.001% of  he patocytes w ere D HBsAg-positive, w ith 

residual DHBV DNA predominantly in the cccDNA form (~0.02 copies and ~0.01 copies of 

DHBV total and cccDNA per liver cell). Histological characterisation of liver tissues showed 
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elevated l evels of  por tal a nd l obular l iver i nflammation, he patocyte a poptosis, a nd K upffer 

cell i nfiltration a nd a ctivation dur ing c learance of  i nfection ( 4 a nd 18 dpi ), r eturning t o 

“basal” l evels a fter cl earance ( 45 d pi). S erological ch aracterisation r evealed anti-DHBc 

antibodies b y 4 dpi  and a nti-DHBs a ntibodies b y 11 dpi . T he n eutralising a nti-DHBs 

antibodies would have removed DHBV virions from the serum by forming antibody-antigen 

complexes t o r educe t he l evels o f v iraemia, as o nly 2x106 copies o f DHBV DNA  wa s 

detected per mL of serum at 11 and 14 dpi. The anti-DHBs antibodies were also continuously 

produced at hi gh l evels a fter resolution of  i nfection ( 45 dpi ), pr oviding pr otection a gainst 

further DHBV infection. 

 

Using the invPCR assay, up to 24.3 μg of DNA was analysed from liver tissues at 4, 18 and 

45 dpi . However, no i ntegrated vi rus-cell j unctions w ere d etected at  an y stages o f acute 

DHBV i nfection out  of  the 286 i nvPCR pr oducts s equenced. Up t o 75.5% of  t he i nvPCR 

products sequenced were found to be virus-virus (false positive) sequences. As DHBV DNA 

integration has been reported to occur at a  rate of ~1 in 103 – 104 cells by 6 dpi (Yang and 

Summers, 1999) , out  of  t he 9.7x 106 cells a nalysed i n t his s tudy, ~ 4.4% of  w hich w ere 

DHBsAg-positive, it was expected that at least 40 – 400 integrated virus-cell junctions would 

be d etected, as suming t hat t he D HBV-infected h epatocytes w ere n ot c ytolytically k illed 

during resolution of infection. The failure to detect integrated DHBV-cell junctions in these 

studies could be due to several factors. Firstly, the high levels of invPCR assay false positives 

contributed by virus-virus sequences detected in this study (75.5% of total invPCR products) 

may have greatly reduced the efficiency of detection of the integrated DHBV-cell junctions. 

This c ould b e i mproved b y f urther opt imisation of  t he i nvPCR a ssay, a s w ell a s t he 

development of assays to reduce the detection of virus-virus sequences. Secondly, as the rate 

of integration was obtained from studies with ongoing high levels of active viral replication at 

~6 dpi, the actual rate of integration in this study may be much lower than expected, and as 

DHBV infection were cleared by 18 dpi , this further shortened the timeframe for integration 

events to occur. 

 

As an extension to the aims of this thesis, the molecular assays established in Chapters 3 to 6 

were applied to study events occurring during chronic DHBV infection in ducks. In particular, 

the histological and serological changes occurring during different s tages of chronic DHBV 

infection were characterised. In addition, changes in the hepatocyte population were studied 

by detecting integrated virus-cell junctions using the invPCR assay. As the frequency of the 

integrated vi rus-cell j unctions w ould i ncrease upon c lonal pr oliferation of  t he i nfected 

hepatocytes, t he s ize o f h epatocytes cl ones f ormed an d t he rate of  clonal pr oliferation of  
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hepatocytes could be  d etermined b y m easuring the num ber of  r epeats f or e ach i ntegrated 

virus-cell j unction. B y establishing c hronic D HBV i nfection i n 6 -week-old duc ks, it w as 

expected t hat ch ronic D HBV i nfection m ay b e associated w ith i ncreased l evels o f i mmune 

attack resulting in  e levated levels o f liver inflammation, hepatocyte apoptosis and activated 

Kupffer cells, as compared to ducks infected, for example, at 1 day of age. With a higher rate 

of i mmune a ttack a nd l iver c ell t urnover, i t w as e xpected t hat he patocyte c lones w ould be  

formed i n t he l iver b y clonal pr oliferation of  he patocytes, a s s een pr eviously i n s tudies 

performed in chronic hepadnavirus infection in humans, chimpanzees, and woodchucks. 

 

Using th e s ame A usDHBV v irions, w idespread a nd p ersistent D HBV infections ( termed 

chronic D HBV i nfections) w ere e stablished i n 3, 6 -week-old duc ks ( Chapter 8) . A t 4 dpi , 

active DHBV replication was occurring (219.5 and 3 .7 copies of  DHBV total and cccDNA 

per infected hepatocyte) with ~4.1% of DHBsAg-positive hepatocytes in the liver. At 18 dpi , 

the DHBV infection spread to >95% of hepatocytes in the liver, and was maintained until 165 

dpi ( duck 343)  or  327 dpi  ( ducks 338 and 350) , w ith c ontinuous hi gh l evels of  D HBV 

replication ( 181 –  298 copies of  t otal D NA pe r l iver c ell) a nd vi raemia ( 0.6 – 20 μg/mL 

DHBsAg; 1x106 – 1x109 copies of DHBV DNA per mL of serum), and the establishment of a 

pool of  5 – 9 copies of DHBV cccDNA per liver cell. Histological characterisation of liver 

tissues a t 4 dpi  s howed e levated l evels of  p ortal a nd l obular l iver i nflammation a nd 

hepatocyte apoptosis, but with low levels of Kupffer cell infiltration and activation. By 18 dpi, 

widespread DHBV infection and marked portal and lobular l iver inflammation and elevated 

levels of hepatocyte apoptosis and Kupffer cell infiltration and activation were observed in the 

liver. F rom 60 – 327 d pi, t he l evels of  he patocyte a poptosis a nd K upffer c ell a ctivation 

persisted, w hile le vels o f liv er in flammation a nd K upffer c ell in filtration d ecreased. 

Serological ch aracterisation revealed anti-DHBc a ntibodies f rom 4 dpi , a nd a nti-DHBs 

antibodies f rom 4  – 11 dpi, a t l ow and v arying t itres. H owever, t he a nti-DHBs a ntibodies 

were not sufficient to complex to and remove the DHBV virions from the serum, as “active” 

viraemia was also d etected, in dicating th at th e levels o f circulating D HBV v irions in  th e 

serum were in excess of the anti-DHBs antibodies. 

 

Using the invPCR assay, up to 22.8 μg of DNA were analysed from liver tissues at 4, 18 and 

60, 165, 196, 327  dpi . Out of  t he 685 i nvPCR pr oducts s equenced, 3  integrated vi rus-cell 

junctions were detected, but no he patocyte clones were found. 81% of the invPCR products 

sequenced were found to be virus-virus (false positive) sequences. As mentioned previously, 

integration of DHBV DNA has been reported to occur at a rate of ~1 in 103 – 104 cells by 6 

dpi (Yang a nd S ummers, 1999) , t hus out  of  t he ~ 8x106 cells a nalysed in  th is s tudy, 
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with >95% of the hepatocyte population in the liver infected, it is expected that up t o 800 – 

8000 integrated virus-cell junctions would be detected, with hepatocyte clone sizes of at least 

8 cells. Similar to results obtained in Chapter 7, the failure to detect more integrated DHBV-

cell ju nctions i n t hese s tudies c ould be  due  t o hi gh l evels of  vi rus-virus ( false pos itive) 

sequences detected us ing the invPCR assay (81% of  total invPCR products). It i s of  course 

possible th at p hysiological d ifferences b etween ma mmalian a nd a vian liver b iology could 

explain the lack of viral DNA integration and subsequent formation of hepatocyte clones. On 

top of that, as the timeframe of this study (327 dpi) was much shorter compared to 2.4 years 

post i nfection i n w oodchucks (Mason et al., 20 05) and a t l east 20 years pos t i nfection i n 

humans and chimpanzees (Mason et al., 2009 a; Mason et al., 2010) , such l arge h epatocyte 

clones would not be expected to be found in ducks. 
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