THE UNIVERSITY

fADELAIDE

MOLECULAR ANALYSIS OF ACUTE AND
CHRONIC DUCK HEPATITIS B VIRUS (DHBV)
INFECTIONS IN DUCKS

Huey Chi LOW
B.Sc. (Biomedical Science), B.Sc. (Hons)

A thesis submitted to the University of Adelaide
in fulfilment of the requirements for the degree of Doctor of Philosophy

Disciple of Microbiology and Immunology
School of Molecular and Biomedical Science
The University of Adelaide

South Australia

April 2012



Dedication

To my loving family

who never gave up on me over all these years

Dad
For your silent encouragement and support (financially and emotionally)

Words just simply could not describe how much you mean to me

Mom
For always sacrificing your all to give me the best in everything

I could never ever repay you for all you have done for me

Elder sis
For always being there for me, cheering me up, and trying to help as best as you can

I could not hope for a better, crazier sister than you

This belongs to you all as much as it belongs to me

To God my Heavenly Father be all the glory in the name of His Son

Even youths grow tired and weary, and young men stumble and fall;
But those who hope in the Lord will renew their strength.
They will soar on wings like eagles;

They will run and not grow weary, they will walk and not be faint.
Isaiah 40:31



Table of Contents

ADSTFACT. ...t i
Declaration of originality @and CONSENT..........ccccviieiiieii e vii
Publications and presentations resulting from this thesis..........c.cccociiiiiniiiniicie, viii
ACKNOWIBAGEMENTS ...ttt sb e sb et sbeebe e e sre e b X
ADDIEVIALIONS ... Xiv
Chapter 1: INTrOQUCTION .......oiieccc ettt te e sreenaeeneenns 1
1.1. Epidemiology of hepatitis B VITUS ........ccceeriiieiiiiiiiiiieiecieee e 1
1.2. HepadnavirUSEs......ccvieiieiiieiie ettt ettt sttt e st saae e e e 1
1.2.1. The Hepadnaviridae family .........cccoeoiieeiiiiiiiieieeeeeeeeeee e 1
1.2.2. HBYV VITION STIUCLUTE ....coueiiiiiieiiiiiieie ettt 2
1.2.3. HBYV ENOME .....eeiiiiiiiiiiie ettt sttt et e e nanee e 3
1.2.3.1. HBYV ZENOMIC STIUCLUIE ......eotiiiiiieiieeiiieiieeie ettt ettt siae e e 3
1.2.3.2. Open reading frames present on the HBV genome...........cccovveeiiiiiiiiciinncienee, 3
1.2.4. HBYV 1€PLICAtION. .....ceiiiiiieiie ettt ettt e e ree e snneeenene 4
1.2.4.1. HBYV attachment and entry ...........occeeiieiiiiiiieiieeie e 4
1.2.4.2. Transcription and repliCatioN...........ocveeriieriieiiierie ettt 5
1.2.4.3. Encapsidation, reverse transcription, budding and release............ccccceeercvveeennennnee. 5
1.3. HBYV mode of transSmiSSION ........cccueeruieiiiiiiiiiiesiie ettt 7
1.4. HBYV infection OULCOMES .......c..cevuiriiriiniiiieiieieeieeet ettt 8
1.4.1. Acute HBV INECHION ..c..eiiiiiiiiiiieiesiteceeee et 9
1.4.1.1. Serological markers during acute HBV infection ...........cccccceeveieiiciiiicieinieeee. 9
1.4.1.2. Immune responses during acute HBV infection...........cccceeevveeiiiiiniiieniie e, 9
1.4.1.3. Occult HBV InfeCtion........cocuiiiiiiiiiiiiie e 10
1.4.2. Chronic HBV InfeCtion.........coviviiriiiiiniiieeieeeeeeeeeee s 11
1.4.2.1. Serological markers during chronic HBV infection...........c.ccocevviiniiniinicnennene. 11
1.4.2.2. Immune responses during chronic HBV infection ..........ccccocoveeeviievcieeniiecniene 12
1.4.2.3. Chronic HBV-induced liver pathology .........ccceeviiiiiieiiiiieieeeeeeee e 13
L.5. HBYV vaccines and treatments...........ooeeveeveeniieienienenieneeeete e 13
1.5.1. HBYV VACCINES ...ttt sttt 13
1.5.2. HBV Ireatments .......coouiiiiiiiiiiie ettt 14
1.5.2.1. IMMUNO-MOAUIALOTS .....ooiiiiiiiiiiii e e 14
1.5.2.2. Nucleoside/nucleotide analogUEs ............cceeecvieriieriieiieeiieie et 15
1.5.2.3. Combination therapies and future potential therapies...........cccoeeveevieriieniennnne. 16
1.6. Clearance of cccDNA from infected hepatocytes ........cocvvveevieeeciiercieeiiieeeiens 16

1.6.1. Cytolytic hepatocyte Killing .........cccoecviieiiiiiiiiecie e 16



1.6.2. Non-cytolytic hepatoCyte CUIING .......cccueeriieriieriieriieriieeie ettt 17
1.7. Clonal proliferation of hepatoCyLes ..........cccveriiiiiieiiieiieeie et 19
1.7.1. Clonal proliferation of hepatocytes during acute HBV infection........................ 19
1.7.2. Clonal proliferation of hepatocytes during chronic HBV infection .................... 20
1.8. Integration of HBV DNA into the host genome............cccoevevieniinieniencencnnenne. 21
1.8.1. Detection of integrated virus-cell Junctions...........cceceeveeeeieenieniiienieeieeee e 22
1.9. Animal models for the study of HBV ........cccooiiiiiiiiiieee, 24
1.10. Study aims and OULINE ........ceeeeiiiieiiiiccee e e 27
Chapter 2: Materials and MethodsS ..........c.ccceiiiiiiiiiecc e 40
2.1. ANIMALS ...ttt 40
2.2. VITUS STOCK ..ottt 40
2.3. Procedures involving dUCKS.........cceeeiiiiiiiiiiiice e 40
2.3.1. Inoculation of ducks with DHBV ... 40
2.3.2. Serum sample COLLECLION.......cc.eiiuieiieiieiie ettt 41
2.3.2.1. VENIPUNCIULE ....oovtieiiieiieeiieeteeeite et e site et e ette et e esteesebeeseeenbeeseesnseenseessseenseensseenns 41
2.3.2.2. Blood SErum eXtraCtion...........cccueeruieiiiieniieeieeie ettt 41
2.3.3. Liver tissue COLECHION. .......iiiiiiiiiiiie e 41
2.3.3.1. LIV T DIOPSY cvtteiieeiieeiie ettt ettt et ettt et e et e e st e esbeessaeesbeesnbeenbeessbeenseeenaeenne 41
2.3.3.2. F 170 01 OO TP 42
2.3.4. TiSSUE SAMPIE PIOCESSING ..veeeuvvieeeiieeiieeeieeesieeesieeesreeesereeesseeesseeesseeessseeensseeens 42
2.3.4.1. Tissue fixation, embedding and SECtIONING .......ccceeevvieeriieeiieeeieeeee e 42
2.3.4.1.1.  Ethanol:acetic aCid........ccoceeruiiiirieriiiiiniieieeeeeee ettt 42
2.3.4.1.20 FOIMALIN .eoiiiiiiiiiiiieieeee ettt sttt sttt 43
234130 70% €thanol ......c...oouiiiiiiiei e e 43
2.3.4.2. LIVET tISSUC PIOCESSINE .eeeuvveeeirieeirieeiieeeieeesieeesteeessseeessseeessseessseeesseeessseesssseeans 43
2.4. Histology and immunohistochemical analysis of tissue sections...............c........ 43
2.4.1. Haematoxylin and eosin (H&E) staining............ccceeevevieeiienieniieniecieeee e, 43
2.4.2. Immunohistochemical detection of DHBSAE ........cooovvieiiiiiiiiieiieeeeeeeee 44
2.4.3. Periodic acid-Schiff diastase (PAS-D) staining of Kupffer cells ...........c...c........ 45
2.4.4. Immunohistochemical detection of proliferating cell nuclear antigen (PCNA)..45
24.5. StatiStical ANALYSIS ...c.eeviieiiieiieeiieie ettt e 46
2.5. SEIOIOZIC ASSAYS..uveeeurieeiiieeiiiieeiieeeieeeeteeesaeeessaeeesareeesreeessaeesseeessseeeasseeensseeennns 46
2.5.1. DHBYV DNA extraction from Sertm...........ceereiiiieniiniienie e 46
2.5.2. Detection of DHBSAZ by ELISA .....ccoiiiiiiiieeeteeeeee e 46
2.5.3. Detection of anti-DHBc antibodies by ELISA ........cccoooviiiiiieniieiieiecieeee, 47
2.5.4. Detection of anti-DHBs antibodies by ELISA .........ccoooviiiiiiiieeeeeeee e 48



2.6.

2.6.1.
2.6.2.
2.6.3.
2.64.

2.6.5.
2.6.6.
2.6.6.1.
2.6.6.2.
2.6.6.3.
2.6.7.
2.7.
2.7.1.
2.7.2.
2.8.
2.8.1.
2.8.2.
2.8.3.
2.8.4.
2.8.5.
2.8.6.
2.8.7.
2.8.8.
2.8.9.
2.8.9.1.
2.8.9.2.
2.8.9.3.
2.8.9.3.1.
2.8.9.3.2.
2.8.10.
2.8.11.
2.8.11.1.
2.8.11.2.
2.8.12.
2.9.

LIVET DNA EXITACTION ..cceeieieieeeieieeeeeeeee e e e e e e eeeeeeees 48

DNeasy blood and tiSSUE Kit.........cceerieeiiiiriiiiieie et 48
ChargeSwitch gDNA mini tiSSUE Kit.......ccoeveiieiiiiiiiiieeieecciee e 49
Total DINA @XITACHION ...couiiiniieiiiieiie ettt ettt et ettt e 49

Low m elting t emperature a garose gel el ectrophoresis and purification of hi gh

molecular weight cellular DNA..........ccoooiiiiiiieeee e 49
Nuclear DNA eXtraCtion ........cevuerieriieriieienienieniesiteieete sttt 50
High MW DINA @XtraCtiON ...c.veeeiviieeiieeeiiieeeiieeeieeesieeeseeeessaeesseeesseeessseeessseeens 51
High MW DNA exXtraction L.........ccccccouiiiiiiiiiiiieciie et 51
High MW DNA extraction Il ..........ccoceeiiiiiiiiiiiiieeeee e 51
High MW DNA extraction IIL..........ccccoeiiiiiiiiiiiiniieiiee e 52
cccDNA extraction method ...........ooiiiiiiiiiii e 52
Plasmid DINA eXtraction.........cocueiiuiiiiiienieiiiete ettt 52
IMIIN PIEP wnvieiieeiieeiie ettt et ettt e st e et estte e bt e teeenbeesseeenbeenseesnseenseessseenseensseenns 52
IMLAXT PICP e nvteiteeniieeiieeteeeite et et e eteestte e bt esseeesbeesseesnseenseeenseenseesnseenseessseenseennseenns 52
DINA QNALYSIS...uvieiiieieiiieeiiieecieeeeteeesiteeseeesteeesaeeesssaeessseessaeesseeessseeessseesssseeans 53
Measurement of DNA CONCENIatioN........eeveeiuiiiiiienieeiieiie et 53
Restriction enzyme diZeStION ........c.eevveeiieriiieiiienieeieeiie ettt ere e eere e eeae e 53
DINA TIZATION 1.ttt ettt ettt ettt e et et eenbeeseesebeesaeesseenns 54
Primer deSI@N.....cocviiiiiiieiiie ettt e e e e e e e e e e areeens 54
PCR amplification Of DNA .......cccoiiiiiiieiieeeeee et 54
PCR PULTICATION ...ttt ettt ettt sebeesaeeeae e 55
Agarose el electrOPhOTESIS. ....ccuuieiieiieeiieiie ettt 55
Agarose el EXtIaACION .....cccuvieeiiieeiieeeiee ettt e e et e e e et e e eree e sabeeeaneas 55
Quantitation of DNA by quantitative PCR..........c.cccoovviiiiiiiiieeeeecceeeee 55
Quantitation of serum DHBV DNA by qPCR ......ccocoiiiiiiiieeeee, 56
Quantitation of DHBV DNA in the liver by qPCR........ccccoiiiiiiiiiiii 56
Mathematical calculation of the copy number of DNA ..........ccooovieviiiiiiiinnnne 57
Copy number of plasmid DNA Per mMass.......ccceeeveeerrieerieeeiieeeieeeieeesreeeeeveeens 57
Copy number of duck DNA per Cell.........cociiiiiiiiiiiieiieieeeeee e 58
DINA SEQUENCING ..eeuvvientieiieeiieniieeitesteeteesiteeteesttesbeesseeesbeenseessseeseessseeseessseenns 58
Cleanup of DNA sequencing products ..........ccueeevveeerieeerveeesieeseeeesieeesveeesveeens 58
[SOPTOPANO] CIEANUP......eiieiieiiiie ettt et e e sreeesaseeen 58
Magnesium sulphate Cleanup...........coccueeeiieiiieiiienie e 58
DNA SequenCing analySiS........cccueeruierieeiiienieeiienieeieesieeeieesieeeaeesseesereenseessneenne 59

(0 10) 011 ¥R SSPRPR 60



209.1. Cloning of PCR products into the plasmid vector pCR 2.1-TOPO..................... 60
29.2. Analysis of PCR products cloned into the plasmid vector..........ccccevevereeiennnnne. 60
2.9.3. Plasmid glyCerol STOCK........uiiriiiiiiieieecie ettt 61
2.10. Inverse nested PCR........cocooiiiiii e 61
2.10.1. DINA INVEISION. ...cutiiieniiiiieiiteteeie sttt sttt ettt ettt st sae et nas 61
2.10.2. Low m elting t emperature a garose gel e lectrophoresis and pur ification of hi gh

MW cellular DNA followed by DNA INVErSion .........ccceeeeuveriieniieniienieeniieeeeeene 62
2.10.3. 96-well nested PCR ... 62
2.10.4. 96-well agarose gel electrOphOreSIS.......cccuvieiciieeeiieeeiie et 63
2.10.5. 96-well agarose gel eXtraCtioN.........cccueevieeiiierieeiienie ettt 64
2.10.6. 96-Well DNA SEQUENCING ......eeevieiieeiieeiieeiienieeieesteeteesteeieeseteeseessreeseesneeenne 64
2.10.7. Cleanup of 96-well DNA sequencing products...........cceecveeeeeeeeeieescneeesveeenveens 64
2.11. Southern blot hybridiSation ............cccueeeiiieriiieeriieeee e 65
2.11.1. Nitrocellulose membrane preparation .............cceeecveereereeeneenieeseessieesieesveeneeens 65
2.11.2. 32D PIODE PrEPATALION ... ese s 66
2.11.3. Hybridisation of the **P-labelled probe to the nitrocellulose membrane ............ 67
2.12. Linker 11Zation @SSAY.......cccueiiiiieeiiieeiieeeieeeeiee e st e eeaeeeiaeeeaeeesseeesareeessseeesnseeens 67
2.13. Cell CUITUTES ...ttt st 70
2.13.1. Preparation of cell CUltUIES ..........ooovieiiieiieie e 70
2.13.2. Harvesting Of CEll.......cuiiiiiiiiiie e 70
2.13.3. Counting the number 0f CellS.........oiviiiiiiiiiiiiece e 70
2.13.4. DNA extraction from Cells .........ccooeiviriiiniiniiiinieeeeee e 71
2.13.5. Calculation of cells present per 150 ng of DNA ......ccccoiiiiiiiieniieieieeee 71
2.14. Fluorescence in Situ hybridisation ...............cceeieviieiiiieiiieieceeeeee e 71
2.14.1. Preparation of metaphase chromosome spread slides ..........ccceeeeveevciieerciieennnns 71
2.14.2. Fluorescent probe preparation ............ceecueereeeiienieeiiienieeieenee e esee e eneee e enne 72
2.14.3. Hybridisation of the fluorescent probe ...........ccceevieeiiierieeiiienieeiiee e 73
Chapter 3: Development of methods - Optimisation of DNA sequencing and gPCR
QL0 (00T SR 92
Chapter 3.1: Optimisation 0f DNA SEQUENCING.......cccuruiiirriiaieriesieeie e sie e see e see e e 92
3.1.1. AT ot bttt ettt ettt aes 92
3.1.2. INETOAUCTION ..ttt 92
3.1.3. Generation of a standard DNA template for sequencing............ccceeeevveerveeennennns 93
3.1.4. Optimisation of DNA sequencing reaction protocols ...........ccceeeveeevienieeniiennnnnne. 94
3.14.1. Amount of DNA template per reaction ...........ccceecveeevierieniiienieniienie e 94
3.1.4.2. Amount of BigDye Terminator mix per re€action ..........cceccveeeeuveerereeercveeenveeennens 95



3.1.4.3. Amount of sequencing buffer per reaction ...........cceecveevieeiiienieeiiienie e 96
3.14.4. Final volume of the DNA sequencing reaction ..........cc.ceeeueereeeieenieesveenneeneneenn 97
3.1.4.5. Comparison of methods to cleanup DNA sequencing products.............cceeunee.. 97
3.1.4.6. The effect of GelRed and ethidium bromide staining prior to DNA sequencing 99
3.1.5. CONCIUSION ...ttt sttt st nae e 101
Chapter 3.2: Optimisation 0f PCR @SSAYS ......ccuiuriirriiiienieie e 106
3.2.1. AN ottt et b ettt sa et et sbe e 106
3.2.2. INEOAUCTION ..ttt 106
3.2.3. Linearisation of plasmid DNA for use in standard curves ..........cccccccveerveeeneen. 108
3.2.3.1. Linearisation of plasmid DNA using various amounts of restriction enzyme ..108
3.2.3.2. Generation of PCR standard CUrVes .........ccocoeeeiieiieniieiecieeece e 109
3.2.3.3. Quantitation of DHBV DNA using the generated standard curves................... 109
3.2.4. Linearisation of plasmid DNA in the gPCR SYBR Green reaction mix for use in

StANAATA CUTVES .....eiiiiiiieiiieieeieeeeee ettt 111
3.24.1. Optimisation o flin earisation o fp lasmid D NA in th e ¢ PCR SYBR G reen

TEACTION TNIX +etteutieeiteetieeete et e et e bt e eabeesbte et e e sbeeeabee bt e eabeesaaeenbeesbeeenbeesaneenseenneas 111
3.2.4.2. Generation of qPCR standard CUTVES ........cccccveveriieeiiieeiee e 113
3.2.5. Linearisation of DHBV DNA samples.........cccceviieiieniienienieeiieeie e 115
3.2.6. Standardisation of total amounts of DNA in each qPCR reaction .................... 117
3.2.7. Using p BL4.8 pl asmid t hat c ontains a s ingle c opy o f D HBV D NA as DNA

template to generate qQPCR standard curves ..........ccceeveeeeieeecieeccieecee e, 118
3.2.7.1. Generation of qPCR standard CUrVes .........ccoeeeeiieiieniieieeieeece e 119
3.2.7.2. Quantitation of DHBV DNA using the generated standard curves................... 119
3.2.8. CONCIUSION ..ottt ettt et et e s ebee 120

Chapter 4: Development of Methods - Establishment and optimisation of gPCR assays

for the detection OF AUCK DINA ... ..o 135
4.1. AN ottt et b ettt sa et et sbe e 135
4.2. INEOAUCTION ...ttt s 135
4.3. Amplification and sequencing of duck genes..........ccccceeeevievciiencieeniecieee, 137
4.3.1. Previous work performed to amplify and sequence the duck 3 actin gene ....... 137
4.3.2. Amplification and sequencing of the duck GAPDH gene..........cccccveevrennennne. 137
43.2.1. Amplification and s equencing of a short fragment of the duck G APDH gene,

4.3.2.2.

using known chicken GAPDH Primers .........cccveeevieeeieeeiieecieeeiee e 137
Amplification of a ~1 kbp fragment of the duck G APDH gene, using primers
designed based on the chicken GAPDH sequence.............ccccueevieriienieenieeinens 139



4.4. Production and analysis of plasmids containing duck B actin and GAPDH genes

........................................................................................................................... 140
4.4.1. DUCK B aCtIN EMNE ...eeeivieiiiieeiiie ettt ettt e et e e et e e et e e sae e e snseeenneeas 140
4.4.1.2. Analysis of the cloned duck B actin gene Sequence ...........ccceeveevevveerveeerveenne. 141
4.4.2. DUCK GAPDH ZENE .....eeiiiiiiiieieeie ettt et 142
4.4.2.1. Production and analysis of pT2.1DgG plasmid containing duck G APDH gene

........................................................................................................................... 142
4422. Analysis of the cloned duck GAPDH gene sequence..........cccccveevvveeeeeeeenneennee. 143
4.4.3. Establishment of qPCR assays for the detection of duck B actin and GAPDH. 145
4.43.1. Optimisation of qPCR primers for duck B actin and GAPDH qPCR assays.....145
4.4.3.1.1.  Optimisation of qPCR primers for the detection of duck B actin genes using

pT2.1DgB plasmid as template ...........cccueeeriieeiiieeiiiecie e 145
4.4.3.1.2. Optimisation of qP CR primers for the detection of duck G APDH genes using

pT2.1DgG plasmid as template ..........cceevuieriieiiieniieiieeee e 147
4.43.2. Calculation of plasmid copy numbers to generate qPCR standard curves........ 148
4.4.33. Establishment of a qPCR standard curve for duck B actin and GAPDH using

pT2.1DgB and pT2.1DgG plasmids........ccccveeeeiieiiiieeieeeiieecee e 148
4.4.4. Determining the copy numbers of duck 3 actin and GAPDH genes in duck cells

........................................................................................................................... 149
444.1. Determining the copy number of duck B actin and GAPDH genes using qPCR

........................................................................................................................... 150
4.44.2. Determining the copy numbers of duck B actin and GAPDH genes using FISH

........................................................................................................................... 152
4.5. DISCUSSION. ..ttt ettt ettt ettt ettt et ettt esate e bt e saeeebeesateenbeesseeenbean 153
4.6. CONCIUSION ..ottt ettt et et e s ebee 155
Chapter 5: Development of methods for the INVPCR aSSay...........ccooceevenieneninieeniennnn 181
Chapter 5.1: Extraction of cellular DNA from liver tiSSUES ..........ccoocerieiieiiinieneenieeene 181
5.1.1. N 111 ST SRRSURRRPRI 181
5.1.2. INEOAUCTION ...ttt et e 181
5.1.3. Non-selective and selective DNA extraction methods ..........cccceeveveeneiiennenne. 183
5.1.3.1. DNeasy blood and tiSSUE Kit.........ccueeeuieriieiiieniieiieeie e 183
5.1.3.2. ChargeSwitch gDNA mini tisSU€ Kit.......cceevviiiriiieiiiiieieeeiee e 184
5.1.3.3. Total DINA @XITaCION «..ceuveiiiiieiiieiieeiie ettt ettt ettt s 185
5.1.3.4. Low m elting t emperature a garose gel e lectrophoresis and pur ification of hi gh

MW cellular DINA ......ooiiiiiiiieeeee ettt 186
5.1.3.5. Nuclear DNA @XtraCtion ......cccueeiieriienieeieesiie ettt 187



5.1.3.5.1.  Optimisation of the nuclear DNA extraction method..........c..cccceeverienianennene. 187

5.1.3.6. High MW DNA @XtraCtions.......c.cevuieriiierieeitieniieeiieneeeieesaeeseesaeesseesaeeseesenes 189
5.1.4. Analysis of extracted DNA.........oooiiiiieece e 190
5.1.4.1. Amount and purity of total XtractS.........cccveeriveeeriiieeiee e 190
5.1.4.2. QUALILY OF @XITACES ...vieuvieiiieiie ettt ettt ettt ettt et e esaaeebeeseaeeseeas 194
5.1.4.3. Inhibition of dOWNStream reactions ............coeevueriereeiienienenieneeseee e 195
5.1.43.1.  Restriction enzyme digeStiON .........ceccueeruieriieriienieeiienieeieeeteeiee e esaeesneeseens 195
S. 14320 PCRueeee ettt ettt sttt sttt et ne e te e e 196
5.1.4.4. Quantitation of DHBV DNA and genomic DNA...........cccceeviieriiienciie e, 196
5.1.5. CONCIUSION ...ttt sttt et sttt s nbe e 199
Chapter 5.2: The use of locked nucleic acid (LNA) oligonucleotides to increase the
SPECITICIY OF INVPCR @SSAYS.....ecveitieiiiieiiesieeie s e se s e ste et esra et e sseesteeaesraesneeeesreenreenee e 210
5.2.1. N 121 SR PUSTRSURRRPRRR 210
5.2.2. INEEOAUCHION ..ttt 210
5.2.3. Designing DHBV-specific LNA oligonucleotides..........cccceevieriiieniieniieneenee. 212
5.2.4. The use of LNA oligonucleotides to block amplification of DHBV DNA from

plasmid DNA temMPIAtes .....ccveeeiiieeiiieeiiieeciee e e e e e 213
5.2.5. Results and diSCUSSION .......cc.vivuiiiiriiriiiieeieceeeee e 214
5.2.6. CONCIUSION ...ttt sttt et sttt s nbe e 216
Chapter 5.3: Using linker ligation assay to detect integrated virus-cell junctions......... 219
5.3.1. AATINL ottt ettt ettt ettt e st e bt e n b e nateteenteeneenteas 219
5.3.2. INETOAUCHION ..ottt 219
5.3.3. Using lin ker lig ation a ssay to d etect in tegrated v irus-cell junctions in WHV-

infected woodchuck [IVer tISSUES.........eiiuiiiiiiiiiiiieiieie e 220
5.3.3.1. Wo0dchuck HIVET tISSUES .....couiiiiiiiiieiiiee e 220
5.3.3.2. Woodchuck linker ligation assay results ..........ccoeceeeiierieniiieniienie e 221
5.3.3.3. DISCUSSION. ...ttt ettt et sttt et ettt e sbe e e 222
5.3.4. Using linker li gation assay to detect integrated v irus-cell junctions in D HBV-

infected duck LIVET tISSUES ......ccueiiuiiiiiiiieiieeeeee e 223
534.1. DUCK JIVET LISSUES ..euvveniiiniiiiieiieieeitesteet ettt sttt sttt st st 223
5.3.4.2. Duck linker ligation assay reSultS.........ccoceevieriieriienieeiiecieeeeeee e 224
5.3.43. DISCUSSION. ..ttt ettt ettt ettt ettt et ettt esate e bt e saeeebeesateenbeesseeenbean 225
5.3.5. CONCIUSION ..ottt ettt et et e s ebee 226
Chapter 5.4: Performing invPCR assays on plasmid DNA as a model system............... 238
54.1. AN ottt et b ettt sa et et sbe e 238

5.4.2. TNETOAUCTION e e e e e e e e e e e e e e e e e aaeeeeaeenaaes 238



5.4.3. Plasmid DNA as invPCR assay model System............ccceeviieviierieenieniieeeen. 239

5.4.4. Establish invPCR assay — plasmid DNA template inversion step..................... 240
54.4.1. Restriction enzyme digestion of plasmid DNA.........c.cccooiieiiieriieeeieeciee e, 240
54.4.2. Inversion of plasmid DNA .......coooiiiiiiiieeee e e 242
54.5. Establish invPCR assay — nested PCR Step.........cccevieviieniiniiiiieciecieeieeie 244
54.5.1. Design of nested primer sets for inverted plasmid DNA ...........ccoooeeriienenen. 244
54.5.2. Nested PCR amplifications of inverted plasmid DNA..........cccoooieiieviiieneennee. 244
5.4.6. Parameters of invPCR assays assesSed.........cccvervireriieeniieeiieeeieeeeieeeevee e 247
5.4.6.1. The sensitivity of detection of the inVPCR assay.........ccccceeevvveecieencieesieeeen. 248
5.4.6.2. The efficiency of the iNnVPCR aSSAY .....ccceviieriiiiiiiiieeiieeeee e 249
5.4.6.3. Product size preference during the invPCR assay.........cccoceevieiieiiienciienieennen. 250
54.64. The interference of duck cell DNA with the invPCR assay..........cccccveevveeeneen. 252
5.4.6.5. Taq polymerases combinations during nested PCR .............ccccoeeviivcviiniinnneen. 253
54.7. InvPCR assays detecting duck cellular genes as a model system ..................... 254
5.4.8. CONCIUSION ...ttt sttt st s nae et 256
Chapter 5.5: Performing invPCR assays on WHV-infected woodchuck and HBV-
infected ChiMPANZEE lIVEF TISSUBS .........vciiiiereeie e e e e 279
5.5.1. AN ottt et b ettt sa et et sbe e 279
5.5.2. INETOAUCHION ..ttt 279
5.5.3. Woodchuck INVPCR aSSAY ....ccvviieiiiiiiiieciieeee e 279
5.5.3.1. Wo0dchuck TIVET tISSUES .....couiiiiiiiiieiiieie e 279
5.5.3.2. Woodchuck invPCR assay deSign ......c.cocuieriienieiiiieniieiienie e 280
5.5.3.3. Woodchuck invPCR assay reSultS .........oocveerieriieiiieniieiieeieeieeeee e 280
5.5.3.4. DISCUSSION. ..ttt ettt ettt ettt ettt et ettt esate e bt e saeeebeesateenbeesseeenbean 281
5.5.3.5. CONCIUSION ..ottt ettt et et e s ebee 282
5.54. Chimpanzee inVPCR aSSAY .......c.cooviiiiiiiiieiiieieciecteee et 282
5.54.1. Chimpanzee [IVET tISSUES .......ceouieriieriieiieeieeiee et eiteeaeesteeseeeseeesaeebeeseneeseens 282
5.54.2. Chimpanzee invPCR assay deSi@N ........cccvieriieeriieeiiie e 283
5.5.4.3. Chimpanzee invPCR assay reSults .........ccceervieeriieeiiie e 284
5.544. DISCUSSION. ...ttt ettt et sttt et ettt e sbe e e 285
5.54.5. CONCIUSION ...ttt sttt et sttt s nbe e 286
Chapter 6: Establishment of invPCR assays to detect integrated virus-cell junctions in
DHBV-infected dUCK TIVEF TISSUES..........ccoiiiiriiiiieicise e 307
6.1. AN ottt et b ettt sa et et sbe e 307

6.2. INEFOAUCTION ooiiiiiiiiieieeeeeeeeeeeee e 307



6.3. Establishment o f in vPCR assays s pecific for the detection o f integrated virus-

cell junctions in DHBV-infected duck liver tiSSues ...........cceceeevieriieniienieeinens 308
6.3.1. Duck liver tissues collected in previous Studies ........c.cceeveeeeieeeceeerceeenieeenen. 308
6.3.2. Determining the sequence of the most probable left and right hand end junctions

of the integrated DHBYV DNA .........cooiiiiiiiieiiecteee e 308
6.3.3. Design of iNVPCR SSAYS.....ccuuiiiiiiiiiiiienie ettt ettt 310
6.3.4. Extraction of liver cell DNA .......cocoiiiiiiiiieeeeeeeeeeeee e 311
6.3.5. Performing the INVPCR @SSaY........ccoviiiieiiiiiiiieciieeee et 311
6.3.6. Establishing the duck inVPCR aSSaY .......ccceevvviieriieeiiieeieeeeeeeee e 312
6.4. Perform preliminary in vPCR assays to detect integrated virus-cell junctions in

DHBV-infected duck lIVer tiISSUES.......ccoveriiriiriirieriierieseerieeieeeeseeeie e 317
6.4.1. Detecting integrated virus-cell junctions in livers tis sues c ollected from ducks

with acute DHBV Infection ..o, 317
6.4.1.1. Duck liver tissues collected from previous Studies ..........cccceeeeeecieereenieenneennee. 317
6.4.1.2. Results and diSCUSSION .......co.uivuiiiiriiriiiieiieceeeee e 319
6.4.2. Detecting in tegrated v irus-cell j unctions in l iver tissues c ollected from duc ks

with chronic DHBV Infection ..........ccccoiiiiiiiiiiiieeeeeeee, 319
6.4.2.1. Duck liver tissues collected from previous Studies ..........cccceeeeeecveeniienieenneennee. 319
6.4.2.2. Results and diSCUSSION .......coeivuiiiiriiriiiieeieceeee et 321
6.5. Analysis of the integrated virus-cell junctions detected............ccccvvevverennennne. 322
6.6. Discussion on t he efficiency of invPCR assay in detecting integrated virus-cell

junctions in DHBV-infected duck liver tiSSUes .........cccceevieriienieeiienieeieeens 324
6.7. CONCIUSION ...ttt sttt st s nae et 329
Chapter 7: The use of invPCR assays to explore the mechanisms involved in clearance of
DHBV-infected hepatocytes during acute DHBV infection.........cccccocvvviiivive e 348
7.1. AITIS <ottt et ettt et ettt et s enaees 348
7.2. INETOAUCHION ..ttt 348
7.3. To establish and monitor acute DHBYV infection in ducks..........ccccceeveenenien. 352
7.3.1. To establish acute DHBV infection in ducks ...........ccooceeiiiiiiiniiniinicniceeee 352
7.3.2. Characterisation of hi stological and s erological ¢ hanges o ccurring during

various stages of acute DHBYV infection ...........cccceevviiiiiniiienienieceeeie e, 354
7.3.2.1. DHBsAg-positive hepatocytes in the liver..........cccoeecvieeeiieeiiieccieeee e, 354
7.3.2.2. Levels of inflammation in the IVer ... 354
7.3.2.3. Levels of hepatocyte apoptosis in the lIVeT .........c.ccccvevevieniiniiinieiiieieeieeie 357
7.3.2.4. Levels of Kupffer cell infiltration and activation in the liver...............c.cc....... 358
7.3.2.5. Levels of DHBSAZ in the SErUmL........ccceeeiiiiiiiiieciie ettt 360



7.3.2.6. Levels of anti-DHBc antibodies in the Serum ..........cccccooveviiviniinienenienenene 360
7.3.2.7. Levels of anti-DHBs antibodies in the serum...........cccccocevervieniininniniencnene 361
7.3.2.8. Levels of DHBV DNA in the Serum ...........ccocoeiiiiiiiniiiiieiiceieieeeeee e 362
7.3.2.9. Levels of DHBV DNA in the [IVer......ccccooiiiiiiiiiiiiiiiceeceeeeeee e 363
7.4. Using i nvPCR a ssay t o de tect i ntegrated vi rus-cell j unctions dur ing v arious

stages of acute DHBYV Infection ..........cccoeiiiiiieniieiiieieeeeeeceee e 364
7.4.1. Sequence of the DHBV genome present in ducks...........ccoeeeerieenienieeniiennnne. 364
7.4.2. Detection of integrated virus-cell junctions during various stages of acute DHBV

infection using the INVPCR aSSaY ......ccceevviiiiiiiieiieeie e 365
7.4.3. INVPCR aSSAY TESUILS ....eeiiiiiiieeiiieiiecieeiee ettt 366
7.5. DISCUSSION. ...ttt ettt et sttt et ettt e sbe e e 366
7.5.1. Characterisation of histological and serological changes occurring during acute

DHBYV INfECHON. ...c.eeiiiiiiii it 366
7.5.2. Detection of integrated virus-cell junctions using the invPCR assay................ 367
7.6. CONCIUSION ...ttt sttt st s nae et 369
Chapter 8: The use of invPCR to assess levels of clonal proliferation of hepatocytes
during various stages of chronic DHBV INfection ...........cccccceiviiiiieni e 396
8.1. AATIIIS ittt et sttt et sa ettt e bt ae s 396
8.2. INETOAUCHION ..ttt 396
8.3. To establish and monitor chronic DHBV infection in ducks ...........cccceeceie. 398
8.3.1. To establish chronic DHBYV infection in ducks..........c.ccooooiiiiiiiiniiiiiinineen, 398
8.3.2. Characterisation of hi stological and s erological ¢ hanges o ccurring during

various stages of chronic DHBV infection...........cccoccevviiniienienieeniiecieeeeee, 400
8.3.2.1. DHBsAg-positive hepatocytes in the liver..........cccoeecvieeeiieeiiieccieeee e, 400
8.3.2.2. Levels of inflammation in the IVer ... 400
8.3.2.3. Levels of hepatocyte apoptosis in the lIVer .........c.ccccveviieiiiniiiinieniicieeieee 402
8.3.2.4. Levels of Kupffer cell infiltration and activation in the liver...............c.cc....... 404
8.3.2.5. Levels of DHBSAZ in the SErUML........ccceeeiiiieiiiieeciieeciee et 406
8.3.2.6. Levels of anti-DHBc antibodies in the Serum .............cccoooeeviiiiieniiinienieeeee 407
8.3.2.7. Levels of anti-DHBs antibodies in the serum...........cccccocevirviiniineniinienenene 408
8.3.2.8. Levels of DHBV DNA in the Serum ......c.cccoceevierieneeiienienieeieseeeeeesieenie e 409
8.3.2.9. Levels of DHBV DNA in the [IVer......coccooiiiiiiiiiiiiiceeeeeeeeeeee e 409
8.4. Using i nvPCR a ssay t o de tect i ntegrated vi rus-cell j unctions dur ing v arious

stages of DHBV chronic infection...........cccceecveerieeiiienieiiieiecieeeeee e 410
8.4.1. Sequence of the DHBV genome present in ducks...........ccoeeverieeniienieenieennnne 410



8.4.2.

8.4.3.
8.5.
8.5.1.

8.5.2.

8.6.
Chapter 9:
9.1.

9.2.

9.3.

9.4.

9.5.

9.6.

9.7.

9.8.

References

Detection of i ntegrated virus-cell j unctions dur ing various s tages of ¢ hronic

DHBYV infection using the inVPCR aSSay........cccccoieriiiriieniieiieeieeiiecie e 411
INVPCR aSSAY TESUILS ....eeeiiiiiiiieeiiiece ettt e e 411
DIISCUSSION. ..ttt ettt ettt et ettt esate e bt e saeeebeesateenbeesaeeebeen 412

Characterisation of hi stological and s erological ¢ hanges o ccurring during

chronic DHBYV Infection..........coceviiiiiiiiiiniiienieeeeeeeee e 412
Detection of integrated virus-cell junctions using the invPCR assay................ 413
CONCIUSION ..ottt ettt et et et e s e be 417
Final discussion and concluding remarks ..........cccoccevieieiiievn e 445
INETOAUCTION ..ttt s 445
Development of Methods..........ccvoiiiiiiiriiiieec e 446
Development of the inVPCR asSay ........cccvieviiiiiiiieiiecieeeeeee e 447

The use of invPCR assays to explore the mechanisms involved in clearance of
DHBV-infected hepatocytes during acute DHBV infection in ducks............... 451
The use of invPCR assay to assess levels of clonal proliferation of hepatocytes
during various stages of chronic DHBV infection in ducks............cccccevenneen. 455
Future s tudies f or ¢ haracterisation of hi stological a nd s erological ¢ hanges
occurring during acute and chronic DHBV infection............cccoccveviiiiininnnen. 458
Future directions to detect integrated virus-cell junctions using invPCR assay462

Concluding reMATKS........cccueeiiiieeiiieeie ettt e et e e e e e e e s aeeesaeeenaneas 465



Ph.D. Candidate: Huey Chi LOW

Student ID: 1102743

Ph.D. thesis title: Molecular analysis of acute and chronic duck hepatitis B virus
(DHBYV) infections in ducks

Date: September 2012

Response to Ph.D. Thesis Examination

Brief statement from the candidate
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Layout of thesis

1.1. Include page numbers for Tables and Figures. Page numbers have been added for all Tables and
Figures. The respective page numbers have been listed in a separate Table and Contents for
Tables and Figures (refer point 2.1).

1.2. Integrate Tables and Figures into the text. Tables and Figures for each Chapter has not been
integrated into the text and are placed at the end of each Chapter. This was to avoid disruption of
the text, and for easy referencing as all the results were compiled together. To overcome the issue
of difficulties in locating the Tables and Figures, page numbers for every Table and Figure have
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1.3. Reduce Figure sizes to include legend on the same page. Whenever possible, corresponding
legends for Tables and Figures and were put on the same page.

1.4. Points were being repeated in different Chapters. Repeated information in later Chapters were
removed and referred to previous Chapters. Some of the changes made have been listed below
for each corresponding Chapter.

1.5. Results that were discussed in the Results section would not require a separate Discussion
section, but can be finalised with a short conclusion. In all instances, discussion of results was
moved from Results and put in the Discussion of each Chapter.

1.6. Layout of the thesis can be improved, e.g. integrate Chapter 5.2 with Chapter 6. and move
Chapter 5.3 near to Chapter 6 to solve duplicated information in 6.3.1 and 5.3.4.1. After many
considerations and testing of different Chapter/Section rearrangements, the original order of the
thesis was still deemed the best and thus was maintained. The duplicated information issue was
addressed in point 1.4,

1.7. Spelling out numbers in full when at the start of a sentence. or change the sentence structure so
that it doesn’t start with a number. All sentences starting with numbers were modified so that the
numbers would not be at the beginning of a sentence. For instance, the sentence in Section 2.8.7
(page 55) “1% agarose gel was prepared” was changed to “To prepare 1% agarose gel”. Other
sentences that were modified include:

a)  Abstract (page iv) 75.5%

b)  Section 2.8.9 (page 56) 150 ng
c)  Section 2.8.9.1 (page 56) 5 uL.
d)  Section 2.8.9.2 (page 56) 150 ng
e) Section 2.10.2 (page 62) 600 pL
f)  Section 2.10.3 (page 63) 10 pL
g)  Section 2.10.5 (page 64) 100 pL.
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k)
1)
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bb)
cc)
dd)
ee)
ff)
g8)
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1)
kk)
1)

Section 2.10.6 (page 64) 4 pL.
Section 2.10.7 (page 64) 40 pl.
Section 2.11.1 (page 65) 2 sheets
Section 2.11.2 (page 66) 50 uCi
Section 2.11.2 (page 66) 150 ng
Section 2.11.2 (page 66) 4 pl.
Section 2.11.3 (page 67) 12 mL
Section 2.12 (page 67) 1 unit
Section 2.12 (page 68) 10 pL
Section 2.14.3 (page 72) 20 L
Figure 3.2.7 (page 133) 2

Section 4.3.1 (page 137) 1023 bp
Section 4.4.4.1 (page 150) 10-fold
Figure 4.6 (page 170) 1122 bp
Figure 4.9 (page 176) 1052 bp
Figure 5.1.4 (page 207) 200 ng
Figure 5.1.4 (page 207) 100 ng
Figure 5.1.4 (page 207) 300 ng
Figure 5.1.4 (page 207) 100 ng
Section 5.2.4 (page 213) 5 ng
Section 5.3.3.2 (page 221) 5 DNA sequencing reactions
Section 5.3.4.2 (page 224) 32 DNA sequencing reactions
Section 5.4.6 (page 247) 1 pg
Section 5.4.6.3 (page 250) 0.5 pg
Section 5.4.6.4 (page 252) 1 pg
Section 5.4.6.4 (page 252) 1 pg
Table 5.4.1 (page 257) "5 pg
Figure 5.4.3 (page 261) 5 pg
Figure 5.4.4 (page 263) 5 ng
Section 5.5.3.3 (page 280) 96-well
Section 5.5.3.3 (page 281) 7 DNA sequencing reactions

mm) Section 5.5.3.3. (page 281) 5 DNA sequencing reactions

nn)
00)
pp)
qq)
rr)
ss)
t)
uu)
vv)
wWWw)
XX)
YY)
77)
aaa)

bbb) Section 8.5.2 (page 416) 2 of the integrated virus-cell junctions

cee)

1.8. Spell out the symbol “~” as “approximately” when at the start of a sentence. All sentences

Section 5.5.4.3 (page 284) 96-well

Section 6.3.4 (page 312) 1.75 pg

Section 6.3.6 (page 313) 37 DNA sequencing reactions
Section 6.3.6 (page 314) 11 DNA sequencing reactions
Section 6.3.6 (page 315) 6 DNA sequencing reactions
Section 6.3.6 (page 316) 18 DNA sequencing reactions
Section 6.3.6 (page 317) 72 DNA sequencing reactions
Section 6.3.6 (page 317) 3 of the 4

Section 6.4.1 (page 318) 12 liver tissues

Section 6.6 (page 326) 5 DNA sequencing reactions
Section 6.6 (page 326) 6 DNA sequencing reactions
Section 6.6 (page 328) 10 DNA sequencing reactions
Section 6.6 (page 328) 15 DNA sequencing reactions
Section 7.4.3 (page 367) 62 DNA sequencing reactions

Section 8.6 (page 419) 3 integrated virus-cell junctions

starting with symbols “~” and “+” were modified. For instance, the symbol in Section 2.6.4 (page
50) “~2 ng” was changed to “Up to 2 pg”. Other sentences that were modified include:

a)
b)
)
d)

Section 2.6.6.1 (page 51) ~25mg
Section 2.11.1 (page 65) ~500 ng
Section 2.12 (page 67) ~2 ng
Figure 2.4 (page 83) “+”




e) Figure 5.4.3 (page 261) ~1 pg
f)  Figure 5.4.4 (page 263) ~1 pg
g)  Figure 5.4.7 (page 269) ~1 pg
h)  Figure 5.4.8 (page 270) ~1 pg
i)  Section 6.3.2 (page 310) ~150 ng

2. Table of Contents

2.1

3.
31

3.2

Add list of Tables and Figures. A secondary Table of Contents for Tables and Figures has been
added after the primary Table of Contents and before the Abstract (page i).

Abstract

Incorrect formatting for Yang and Summers, 1999. The citation formatting errors for Yang and
Summers on pages i, iv, v have been corrected. Other citation formatting errors that were not
pointed out, for example Mason et al., 2005 in page vi, have also been corrected.

Unexplained abbreviation “dpi” (page iii). The abbreviation “dpi” in page iii had already been
previously explained in page i.

4. Chapter 1

4.1.

4.2.

4.3.

4.4.

4.5.

Add page numbers for Tables and Figures, integrate Tables and Figures into text, reduce Figure
sizes to include legend on the same page. These comments are respectively addressed in points
1.1, 1.2 and 1.3 above.

Quote original authors where possible, and insert “reviewed by...” when quoting review articles.
Several citations were changed to the original authors. These include:

a) Section 1.1 (page 1) Lok, 2000 = Blumberg et al., 1967

b) Section 1.4 (page 8) Seeger and Mason, 2000; Jilbert et al., 2008b = Stevens et al., 1975

c) Section 1.4 (page 8) Andersson and Dienstag, 2008 - Beasley ef al., 1982

Whenever original articles were not available, “reviewed by...” were added to the citations.
These include:

a) Section 1.2.2 (page 2) Kann, 2008

b) Section 1.2.4.1 (page 5) Jilbert et al., 2008a; Yang et al., 2010

¢) Section 1.2.4.1 (page 5) Jilbert et al., 2008a; Kann, 2008; Rabe et al., 2009

d) Section 1.2.4.2 (page 5) Kann, 2008

e) Section 1.2.4.3 (page 6) Jilbert et al., 2008a

f) Section 1.4 (page 8) Andersson and Dienstag, 2008

g) Section 1.4.1.2 (page 9) Lok, 2000; Visvanathan, 2008

h) Section 1.4.1.2 (page 10) Bowden, 2008

i) Section 1.4.2.1 (page 12) Funk er al., 2002; Yim and Lok, 2006; Yuen and Lai, 2008

J) Section 1.4.2.2 (page 13) Bowden, 2008

k) Section 1.9 (page 23) Zoulim et al., 2008

Citation “Jilbert et al., 2008” should be labelled as either “2008a” or “2008b”. This error in
citation have been corrected in the whole thesis, to correctly cite either Jilbert ef al., 2008a or
Jilbert et al., 2008b.

Length of Introduction was rather short, suggest including DHBV natural life cycle, experimental
infection of ducks during acute and chronic DHBV infection, duck immune responses e.g. IFN as
cytokine production may affect integration events. The overall length of Chapter 1 “Introduction™
was not extended from its current length of 27 pages (1.5 paragraph spacing). An Introduction
chapter of 25 — 30 pages (double spacing) has been the standard required length for a Ph.D. thesis
in the Hepatitis Research Laboratory. Therefore, descriptions of the DHBV natural life cycle in
the duck model were not included in Chapter 1, but are briefly described in Section 1.9 (page
24), and described in Chapters 6, 7 and 8 wherever necessary. The possible effects of
cytokine/chemokine production on the rate of hepadnavirus integration have been included as a
future study direction in Section 9.6 (page 460).

The ducks’ short lifespan (9-12 years) as a possible reason for ducks not developing HCC do not
correlate with findings that woodchucks develop HCC within 4 years after infection. It was
further clarified in Section 1.9 (pages 24-25) that woodchucks tend to develop HCC within 4
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years after WHV infection due to the frequent activation of N-myc oncogenes so far only
observed in the woodchucks. It was also clarified in Section 1.9 (pages 24-25) that compared to
humans and chimpanzees, ducks have a short lifespan.

A better review of the relationship between HCC development and hepadnavirus integration is
needed. The possible relationship between HCC development and hepadnavirus integration has
already been addressed in Section 1.8 (page 22) and Section 9.5 (pages 456-458).

A better review of Section 1.8.1 “Detection of integrated virus-cell junctions™ is needed. Section
1.8.1 had been expanded from 232 words to 840 words to briefly explain methods that had been
used to detect integrated virus-cell junctions (pages 22-24). Description of Southern blot
hybridisation and linker ligation assay was moved to Section 1.8.1 from Sections 8.2 and 5.3.2
respectively.

Chapter 2

Integrate Tables and Figures into text, reduce Figure size to include legend on same page, correct
sentences that start with number or symbol. These comments are respectively addressed in points
1.2, 1.3, 1.9 and 1.10 above.

Figure 2.7 is unnecessary if space is a problem. Space was not a significant problem, thus Figure
2.7 (Figure 2.8 in the amended thesis) was retained.

Chapter 3

Integrate Tables and Figures into text, reduce Figure size to include legend on same page, correct
sentences that start with number or symbol. These comments are respectively addressed in points
1.2, 1.3, 1.9 and 1.10 above.

Detailed descriptions of the optimization of existing assays are not required. The whole chapter
needs to be rewritten and summarised, perhaps by tabulating the results. For Chapters 3.1 and
3.2, most of the results were already tabulated, or not included and merely described in-text if
there were not a lot of data. The level of detail included in these Chapters was felt to be needed to
justify the amount of work and level of detail scrutinized during the optimization of the DNA
sequencing and subsequent cleanup of DNA sequencing products (Chapter 3.1), or during the
optimization of qPCR assays for DHBV total and cccDNA (Chapter 3.2). Nonetheless, Chapter
3.1 was shortened from 11 pages (originally pages 61-70) to 10 pages (pages 92-101), while
Chapter 3.2 was shortened from 18 pages (originally pages 72-89) to 15 pages (pages 106-120).
Figures 3.1.2 and 3.2.4 can be deleted. Figure 3.1.2 was omitted and simply described in-text in
Section 3.1.4.6 (page 100). Figure 3.2.4 was kept as it showed evidence of over-digestion or non-
specific digestions occurring when plasmid DNA were EcoRI-digested in the qPCR assay SYBR
Green mastermix, something not previously performed and shown.

Chapter 4

Integrate Tables and Figures into text, reduce Figure size to include legend on same page, correct
sentences that start with number or symbol. These comments are respectively addressed in points
1.2, 1.3, 1.9 and 1.10 above.

The sentence that “Clustal W2 alignment program was used” is repetitive and can be stated once
at the beginning of the chapter. The repetitive sentences were removed from Sections 4.3.2.1
(pages 137-138), 4.4.1.2 (page 141), 4.4.2.2 (page 143), and simply referred to Section 2.8.12
(page 59) which had described the alignment program used in detail.

Chapter is verbose. Chapter 4 was shortened from 24 pages (originally pages 91-114) to 22 pages
(pages 135-156).

8. Chapter 5.1

8.1.

Too much discussion of advantages and disadvantages for each kit, some of which were repeated
in_the Results section. The discussion of the advantages and disadvantages of each DNA
extraction method used in Section 5.1.3 were retained in order to give a more complete picture in
determining the most suitable method to be used in the invPCR assay. The repeated discussions
of the DNA extraction methods in the Results Section 5.1.4 (pages 190-199) were removed.




8.2.

8.3.

8.4.

Section 5.1.4 Long discussion on accuracy of spectrophotometers is not needed. Comparison of
Nanodrop spectrometer and Spectromax spectrophotometer in Section 5.1.4 (pages 190-191) was
not to determine the accuracy of the Nanodrop spectrometer, but rather to show that this new
equipment gives the same readings as the Spectromax spectrophotometer, which has been used in
the Hepatitis Research Laboratory for many years. Thus, the results generated in this thesis could
be confidently compared and even combined with previously generated results, without the
potential differences of greater sensitivity or accuracy of the results obtained using the newer
Nanodrop Spectrometry, as claimed by the manufacturer (Thermo Fisher Scientific, Canada).
There is no doubt that the Nanodrop spectrometer is accurate. This Section was shortened, and
some descriptions of the Nanodrop spectrometer was moved to Materials and Methods Section
2.8.1 (page 53).

Section 5.1.4.4 is mostly repetitive and can be deleted/summarised. Section 5.1.4.4 (pages 196-
199) was one of the more important results for Chapter 5.1, as it looks to quantitate the levels of
DHBV DNA and duck genomic DNA present in each extracted DNA sample. The ability to
extract large amounts of duck genomic DNA with the least amounts of DHBV DNA is one of the
main criteria for selecting a DNA extraction method to be used in the invPCR assay. Hence this
Section was not removed. It was shortened from 1513 words (originally pages 132-135) to 1188
words (pages 196-199).

Detailed descriptions of the optimization of existing assays are not required and can be
summarized in a table of results. Entire Chapter 5.1 was revised to be more succinct, with
repeated information removed in subsequent paragraphs. Chapter 5.1 was shortened from 22
pages (originally pages 115-136) to 19 pages (pages 181-199).

9. Chapter 5.2

9.1,

Some information in introduction has been repeated in discussions and thus can be removed.
Entire chapter was revised to be more succinct, with repeated information removed in subsequent
paragraphs. Chapter 5.2 was shortened from 8 pages (originally pages 137-144) to 7 pages (pages
210-216).

10. Chapter 5.3

10.1.

10.2.

10.3.

10.4.

Section 5.3.3.3 direct comparison of the linker ligation assay and the invPCR assay cannot be
made as liver used was from different woodchucks. Direct comparison of the methods on the
same liver samples was unfortunately not able to be performed due to the limited availability
of in liver samples from the woodchucks. Instead, two woodchucks were chosen based on
their similar WHYV infection outcome and viral load, for as close a comparison as allowed.
The discussion in Section 5.3.3.3 (page 222) was modified from a direct comparison of
number of actual integrated virus-cell junctions detected, to the trend of the junctions
detected. Statements were also included to note that both assays were compared using
different liver samples.

Section 5.3.4.3 Provide details and reference to results of duck tissues mentioned here. Each
duck invPCR assay results from Chapter 6 that was discussed in Section 5.3.4.3 was
specifically referenced (pages 225-226).

Comment on the woodchuck and duck BLAST homology of integrated sites that included non
target species homology. Statements were included in Section 5.3.3.2 (page 221) and 5.3.4.2
(pages 224) in regards to the BLAST homology to the insert DNA were not from the target
species. This was due to the woodchuck and duck genome being not fully sequenced, and thus
an insert DNA BLAST homology to other mammalian or avian species respectively would
also be accepted. On a similar note, as the human genome has been fully sequenced and made
accessible on GenBank, invPCR assay studies in humans would only accept any insert DNA
with BLAST homology to humans as a true integration junction. InvPCR assay studies in
chimpanzees similarly would also accept any insert DNA BLAST homology to humans as a
true integration junction, based on the close evolutionary relationship between chimpanzees
and humans (mentioned in Section 5.5.4.3 page 285).

Introduction Section 5.3.2 was shortened from 3 pages (originally pages 145-147) to 2 pages
(pages 219-220), with discussions regarding the linker ligation assay moved to Introduction




Section 1.8.1 (pages 22-24). The entire Chapter was revised to be more succinct, with
repeated information removed in subsequent paragraphs. Chapter 5.3 was shortened from 10
pages (originally pages 145-154) to 8 pages (pages 219-226).

1. Chapter 5.4

11:15

The entire Chapter was revised to be more succinct, with repeated phrases/sentences removed
in subsequent paragraphs. Chapter 5.4 was shortened from 21 pages (originally pages 155-
175) to 19 pages (pages 238-2560).

12. Chapter 5.5

12.1.

12.2.

12.3.

12.4.

Section 5.5.4.1 Error in reporting that chimpanzee was 22 years old with history of chronic
HBV for 27 years. Chimpanzee 4x222 was corrected to be “44 years old™ at the time of
biopsy (page 284).

Insertion of published papers. Hard copies of the two papers arising from contributions of
results obtained in this Chapter were included in a pouch attached to the final bound Ph.D.
Thesis. Soft copies (PDF files) of the two papers were also included in the CD containing the
softcopy of the final Ph.D. Thesis.

Statement was included in Section 5.5.3.3 (page 281) that due to the woodchuck genome
being not fully sequenced yet, for the woodchuck invPCR assay, an insert DNA BLAST
homology to other mammalian species would be accepted. Another similar statement was
included in Section 5.5.4.3 (page 285) that due to the close evolutionary relationship of
chimpanzees and humans, for the chimpanzee invPCR assay, an insert DNA BLAST
homology to either chimpanzee or human would be accepted.

Entire chapter was revised to be more succinct. Repeated information regarding invPCR assay
and integration of viral dsIDNA in Section 5.5.3.2 (page 280) were removed and referenced to
Section 1.8.1 (pages 23-24). Chapter 5.5 was shortened from 10 pages (originally pages 177-
186) to 8 pages (pages 279-286).

13. Chapter 6

131

13:2;

13:3-

13.4.

Section 6.3.1 is a repeat of Section 5.3.4.1. The repeated information was removed (page 309)
and reference back to Section 5.3.4.1 (page 223).

Section 6.3.2 Elaborate on whether the base pair differences of the DHBV sequences detected
were near the 5° and 3” end and thus may affect the ability to detect integrated DHBV DNA.
As shown in Figure 6.1 and described in Section 6.3.2, most mutations were at the first 35
nucleotide of the sequenced DHBV, one mutation was at nucleotide 502, and the rest were at
the last 20 nucleotide of the sequenced DHBV. A statement was added in Section 6.3.2 that
restriction enzymes for the duck invPCR assays should not have digestion sites at nucleotide
502, but the duck invPCR assay PCR primers could be designed to amplify across nucleotide
502 (pages 310-311). Based on Figure 6.4, for the chosen duck D3 invPCR assay design, the
restriction enzyme digestion sites are at nucleotides 391, 505 and 526, while primer binding
sites range from nucleotides 172 — 231 and 465 — 509. Thus, the mutations found in the
DHBV sequences should not affect the restriction enzyme digestions, while PCR
amplification should not be affected with a single base pair change at the primer binding site
of nucleotide 502, and therefore would not affect the invPCR assay to detect integrated
DHBYV DNA.

Include headings for Table 6.3 with more information on the duck samples used. Headings
with general information of the groups of ducks tested in this Section were added to Table 6.3
(page 337). Detailed explanations of each type of vaccination, antiviral treatment, time-points
of liver biopsy, viral load etc. were not included, as the details of each duck were already
mentioned in-text and referred to in the table legend, and would clutter and confuse Table 6.3
when included in the table heading.

Section 6.4.2.2 Query whether the invPCR assay was repeated for ducks FN76, FN77, FN78.
A statement has been added to clarify that the invPCR assays had been repeated multiple
times, all achieving similar results, which were no detectable invPCR products with only
smears as seen by agarose gel electrophoresis (page 323).




13.5:

13.6.

13.7.

13.8.

1319:

Section 6.4.2.2 Query whether more work should be done in ducks FN1 and FN3 to determine
the effect of antiviral therapy on viral integration. No further analysis of FN1 and FN3 liver
samples were performed in this thesis, although future work could continue to analyse these
liver samples to observe the possible effects of antiviral therapy on viral integration, clonal
proliferation of hepatocytes, and formation of hepatocyte clones. A statement was added in
Section 6.4.2.2 (pages 322-323) to note that “no further analysis was performed in this thesis
although future work could continue to analyse these liver samples to observe the possible
effects of antiviral therapy on viral integration, clonal proliferation of hepatocytes, and
formation of hepatocyte clones™.

Section 6.6 Commented that invPCR results seemed variable, especially the DNA sequencing
failure rates. Query whether Dr. Mason used exactly the same assay and methods, if so it
would be the optimised methods. The methods performed in this thesis were initially slightly
different from the methods used by Dr. Mason, due to the different availabilities of equipment
in each lab (e.g. plate clamp, plate centrifuge), and potential differences in the quality of
reagents used in each lab. Many strategies were suggested in Section 6.6 (pages 325-330) to
improve the results obtained from the Hepatitis Research Laboratory. But it is true that
sometimes some “batch variations” of invPCR assay results do occur at times, e.g. one batch
of sequencing with have significantly more failed results compared to normal. In general
however, sequencing reactions performed by Dr. Mason do have less failed results compared
to sequencing reactions performed in this thesis.

Compare results using a table. Presentation of the results obtained from this thesis and from
international collaborator Dr. William Mason as a table was not added. Although a table
would definitely allow for direct comparison of both studies, there was too much information
that would need to be included due to the many different samples and conditions of invPCR
assays performed, causing the suggested table to be long and confusing.

Statement was included in Section 6.3.6 (page 313) that due to the duck genome being not
fully sequenced yet, an insert DNA BLAST homology to other avian or mammalian species
would also be accepted.

Entire chapter was revised to be more succinct. Chapter 6 was shortened from 27 pages
(originally pages 187-213) to 24 pages (pages 308-331).

14. Chapter 7

14.1.

14.2.

14.3.

14.4.

14.5.

The phrase “as there were no control ducks in this study...” was repeated numerous times.
The control ducks used in this Chapter was described once in Section 7.3.1 (page 353), and
removed from subsequent paragraphs, which only referred back to Section 7.3.1. All the other
repeated information throughout the Chapter, like Section 7.3.2.9 (originally pages 231-232)
that was repeated in Section 2.8.9.2 (page 57), was removed and referenced back to the
corresponding previous Sections.

Table 7.1 The legend is too long. The histological grading system was moved to Section 2.4.1
(page 44), and simply referred to in the legends of Tables 7.1 (page 372).

Section 7.3.2.2 Query whether the ducks in this study were kept together as a group. If so, all
ducks would be exposed to the same environmental toxins. All ducks in this study were kept
together in the same housing pen. Explanations were added that the duck 342 with higher
levels of liver injury due to environmental toxin was not due to exposure of only that duck in
the whole group to the toxins, but rather the potential higher sensitivity and reactivity of that
duck towards the toxins, compared to the other ducks (page 356).

Figure 7.5A DHBsAg levels were above the limit of detection between 25 and 36 dpi, but was
referred to in Section 7.3.2.5 that they were below the limit of detection. The cut-off lines in
Figures 7.5A, 7.5B and 7.5C (page 388) were misplaced. The positions of the cut-off lines
have been corrected, and now correctly showing that the levels of DHBsAg were always
below the level of detection throughout the study, as described in Section 7.3.2.5 (page 361)
Section 7.3.2.8 Comment that Vickery and Cossart (1996) J. Hepatology 25:504 found that
peak viraemia could be delayed in older ducks until 15 dpi. Vickery and Cossart’s published
study (1996) inoculated 26-day-old ducks with DHBV, which were much younger than the
42-day-old ducks used in this study. As the ducks in Vickery and Cossart (1996) were not age




14.6.

14.7.

14.8.

matched, they were therefore not used for comparison in this Chapter. To emphasise that the
comparisons made were with published age matched ducks only, the description “previously
published age matched ducks™ was included (page 363).

Move Section 7.6 to Chapter 9. The discussions of future directions from Section 7.6
(originally pages 239-243) were merged with Section 8.6 (originally pages 270-275) and
moved to Sections 9.6 and 9.7 (pages 456-466), and replaced with a short “Conclusion”
(pages 370-371).

Figure 7.7 (representation of primer binding sites on AusDHBV rcDNA) was moved to
Chapter 2 as Figure 2.4 (page 83), as it was deemed more appropriate for this information to
be placed in the Materials and Methods Chapter 2, which describes the qPCR methods and
primers used for the amplification of the AusDHBYV rcDNA.

Entire chapter was revised to be more succinct. Chapter 7 was shortened from 29 pages
(originally pages 215-243) to 23 pages (pages 349-371).

15. Chapter 8

15:1.

15.2.

kS:3.

15.4.

15.3.

15.6.

157

15.8.

15.9.

Section 8.2 Correction that male birds are homozygous for the sex chromosome, and not
females as in the case for mammals. A statement clarifying that homozygous sex
chromosomes are found in mammalian females but in avian males was added (page 398).

Chapter has repeated points from Chapter 7. e.g. Section 8.2 detection of integrated virus-cell
junctions, Section 8.3.2.4 Kupffer cells and their staining, Section 8.4.1 reason for sequencing

the DHBV genome, Section 8.5 reason for low detection rate of integrated virus-cell junctions
etc. All repeated explanations, like in Sections 8.3.2.1 to 8.3.2.9, Section 8.4.1, Section 8.5.1,
and Section 8.5.2 that had been previously mentioned in Chapter 7 were removed, and
replaced with corresponding references to Chapter 7.

The phrase “as there were no control ducks in this study...” was repeated numerous times.
The control ducks used in this Chapter was described once in Section 8.3.1 (pages 399-400),
and removed from subsequent paragraphs, which only referred back to Section 8.3.1.

Section 8.4.3 typo that “4 integrated virus-cell junctions™ should be *3”. Typo was corrected
to “3 integrated virus-cell junctions™ (page 412).

Section 8.5.2 Comment that preliminary work was done on neonatal ducks and thus may
behave differently from this study. A note was added that the reported rate of DHBV
integration published by Yang and Summers (1999) was obtained from a study of young 6-
day-old ducks, and thus may be different to the rate of DHBV integration of 6-week-old
ducks in this study (page 414).

Move Section 8.6 to Chapter 9. The discussions of future directions from Section 8.6
(originally pages 270-275) were merged with Section 7.6 (originally pages 239-243) and
moved to Sections 9.6 and 9.7 (pages 456-466), and replaced with a short “Conclusion™
(pages 418-419).

Section 8.5.2 Include more explanations addressing the reasons why Dr. Mason detected more
integrated virus-cell junctions compared to this study. The reason that the “invPCR assay is
not optimised” is not sufficient. Additional discussions regarding the differences of invPCR
assays performed in this thesis compared to invPCR assays performed by collaborator Dr.
Mason in the USA, that may have affected the low detection of integrated virus-cell junctions
in this thesis, were included (page 417).

Section 8.5.2 Comment that Australian ducks may have differences in genetic makeup due to
breeding in isolation for many generations, thus may affect the rate of viral integration
compared to ducks from elsewhere in the world. Additional comment on the possible effects
of the genetic makeup of ducks in this Australian study due to isolated breeding on the rates
of DHBV integration into the genome have been added (page 416).

Link natural history of hepatitis in the various species to the quantity of integration sites
detected. The ducks’ short lifespan as the reason for less integration junctions do not correlate
with findings that woodchucks seemed to have the most integration sites in the same infection

duration with ducks. Additional comments on the differences of the natural history of DHBV

infection in ducks compared to other hepadnavirus infections in their natural hosts, in respect




to the different rates of DHBV integration into the genome and of clonal proliferation of
hepatocytes have been added (pages 419-420).

15.10. The cut-off lines in Figure 8.5C (page 436) were misplaced. The positions of the cut-off lines
have been corrected.

15.11. Entire chapter was revised to be more succinct. Section 8.2 (pages 397-399) was summarised
and shortened, with details of the invPCR assay moved to Introduction Section 1.8.1 (pages
22-24). Chapter 8 was shortened from 31 pages (originally pages 245-275) to 23 pages (pages
397-419).

16. Chapter 9

16.1.  Sections 7.6 and 8.6 “Future directions” were combined and summarised as new Sections 9.6

(pages 459-462) and 9.7 (pages 463-466).

17. References

1%k

PNAS should be shortened to Proc. Nat. Acad. Sci. This journal is commonly shortened as
Proc. Nat. Acad. Sci. However, the abbreviation PNAS was still preferred in the context of
this thesis, and have been defined in Abbreviations page xviii. Other journals, including the
European Molecular Biology Organization (EMBO) and Public Library of Science (PLoS),
have also been similarly abbreviated and defined in Abbreviations pages xv and xviii
respectively.

Other amendments made to the Ph.D. thesis

I. The entire thesis was reviewed several times thoroughly and in greater depths to correct any
typos, incorrect cross references, formatting errors, unexplained abbreviations, grammatical
errors, and citation formatting errors that were not pointed out by the Examiners. The list of all
changes made are not included in this document, as all the changes were minor and did not alter
or affect any information or layout of the thesis.

2. The Declaration of originality and consent (page vii) was updated to the new Thesis Declaration
as of July 2012 that was released by the Adelaide Graduate Centre, the University of Adelaide.

Section 1.3 “Animal models for the study of HBV” was moved to become Section 1.9 (pages 24-

26) for a better flow in the Introduction Chapter 1.
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Abstract

The hepadnavirus family contains two genera, Orthohepadnaviruses that infect mammals and
Avihepadnaviruses t hati nfect bi rds. T he m ostt horoughly s tudied m embers of t he
hepadnavirus family include hepatitis B virus (HBV), which infects humans and chimpanzees,
woodchuck he patitis virus ( WHV), w hich i nfects w oodchucks, and duc k he patitis B virus
(DHBV), which i nfects duc ks. A 1l 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 1 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 1 mmune ¢ learance of he padnavirus i nfections a re poor ly
understood. It has been hypothesised that virus DNA and proteins are, 1) cleared from the
liver ¢ 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 ~1in 10° — 10*
cells by 6 d ay post infection (dpi)) (Yang and Summers, 1999), and the site of viral DNA
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 ¢ 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 DHBYV total and cccDNA (Chapter 3.2), as well as cloning
and s equencing of t heduc k beta actin (B 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 DHBYV total and cccDNA per cell (Chapter 4). Several parameters
were tested and compared for each molecular assay to generate final o ptimised pr otocols,
which were then applied both throughout subsequent Chapters and in other work performed in
the laboratory. The duck B actin and GAPDH genes were characterised and the sequences

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

The 1 nvPCR pr otocol w as opt imised b y c omparing 8 di fferent 1 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 assay w as the high level of virus-virus ( false p ositive) s equences generated from
replicative forms o fv irus D NA. T herefore,t he u se o f1 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. A lthough the
LNAs successfully blocked amplification of virus DNA, due to the high cost of LNA, their
use in invPCR assays could not be pursued in this thesis. Asa possible alternative to the
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 I iver t issue
(Chapter 5.3). However, as the efficiency of detection of integrated virus-cell junctions using
linker lig ation assay was similar to the e fficiency o f the in vPCR assay, it w as n ot further
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 Iso 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 of the invPCR assay results confirmed that the assays established in this study had
comparable e fficiency with previously published invPCR assays, and could be confidently
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 n1 nvPCR a ssay s pecifically fort he A usDHBYV s train ( GenBank
Accession AJ006350), several DHBV invPCR assays were designed, and preliminary studies
were performed on liver tissues collected previously in the laboratory from ducks with acute
and ¢ hronic DHBV 1 nfection ( Chapter 6 ). U p t 0 38 1 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 ¢ lonal
proliferation of hepatocytes had occurred in the duck liver. Characterisation of the integrated
DHBYV D NA showed that, c onsistent t o previous s tudies, t he m ost pr obable 1eft and right
hand end of the integrated DHBV dsIDNA was at nucleotide position 2537 nt and ~2485 nt
respectively, with no significant patterns or apparent preference of DHBYV 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 integrated v irus-cell j unctions dur ing and a fter r esolution of a cute D HBV infection.
This DHBV model provided an advantage over the WHV-infected woodchuck and the HBV-
infected ¢ himpanzee m odels, w here he padnavirus i nfection s preads to> 95% of t he
hepatocytes in the liver. Widespread infection requires the division of infected he patocytes
during clearance to replace hepatocytes killed by the host immune response. But in the duck
model, D HBV infection c an be e stablished in d ucks by inoculation w ith de fined dos es of
DHBYV to achieve a maximum DHBYV infection of <10% of the hepatocytes prior to immune
clearance. Therefore, when the few D HBV-infected he patocytes were killed, they would be
most | ikely be replaced by di vision of uni nfected he patocytes. Itis thus e xpected thatif
cytolytic hepatocyte killing was the predominant response to DHBYV infection, the integrated
virus-cell junctions would not be detected in the recovered liver, as the infected hepatocytes
would be destroyed and replaced by previously uninfected hepatocytes. C onversely, if non-
cytolytic hepatocyte curing was predominant, the integrated virus-cell junctions would still be
detected after clearance of infection as they would be present in the cellular genome of the

“cured” hepatocytes.

Using AusDHBYV, acute DHBV infections were established in 3, 6 -week-old ducks (Chapter
7). At 4 dpi, active DHBYV replication was occurring (159 and 3.6 copies of DHBV total and
cccDNA per infected hepatocyte) with ~4.4% of DHBYV surface antigen (DHBsAg)-positive
hepatocytes in the liver. At 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

DHBY total and cccDNA per liver cell). Histological characterisation of liver tissues showed
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elevated l evels of portal and 1obular liver inflammation, he patocyte a poptosis, and K upffer
cell 1 nfiltration a nd a ctivation dur ing c learance of i nfection (4 and 18 dpi ), r eturning t o
“basal” I 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 by 11 dpi . T he n eutralising a nti-DHBs
antibodies would have removed DHBYV virions from the serum by forming antibody-antigen
complexes t o r educe t he 1 evels o fv iraemia, as o nly 2x10° 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 infection (45 dpi), pr oviding pr otection a gainst

further DHBYV infection.

Using the invPCR assay, up to 24.3 nug 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 any stages o f acute
DHBYV infection out of the 286 i nvPCR products s equenced. Up to 75.5% of the invPCR
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 10° — 10* cells by 6 dpi (Yang and
Summers, 1999) , out of the 9.7x 10° 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 ¢ 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 ¢ ould b e i mproved b y f urther opt imisation of t he i nvPCR a ssay,a sw ella st 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
DHBY 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 stages 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 ¢ lonal pr oliferation of t he i nfected

hepatocytes, t he s ize o f h epatocytes cl ones formed 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 repeats for e ach i ntegrated
virus-cell j unction. By establishing ¢ hronic D HBV i nfection i n 6 -week-old duc ks, it w as
expected that chronic DHBYV infection may be associated with increased levels o f immune
attack resulting in elevated levels of liver in flammation, h epatocyte apoptosis and activated
Kupffer cells, as compared to ducks infected, for example, at 1 day of age. With a higher rate
of immune attack and liver cell turnover, it was e xpected that he patocyte clones w ould be
formed intheliver by 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 usDHBYV v irions, w idespread a nd p ersistent D HBV infections ( termed
chronic D HBV infections) w ere e stablished in 3, 6 -week-old duc ks (Chapter 8). At4 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 DHBYV 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 ¢ ontinuous hi gh | evels of D HBV
replication (181 — 298 copies of total DNA per liver cell) and viraemia (0.6 — 20 ug/mL
DHBsAg; 1x10° — 1x10° 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 1 evels of p ortal a nd 1 obular | iver i nflammation a nd
hepatocyte apoptosis, but with low levels of Kupffer cell infiltration and activation. By 18 dpi,
widespread DHBYV infection and marked portal and lobular liver inflammation and elevated
levels of hepatocyte apoptosis and Kupffer cell infiltration and activation were observed in the
liver. From 60 — 327 dpi, t he l evels of he patocyte a poptosis a nd K upffer c ell a ctivation
persisted, w hile le vels o fliv er in flammation a nd K upffer ¢ ell in filtration d ecreased.
Serological ch aracterisation revealed anti-DHBc a ntibodies f rom 4 dpi , a nd a nti-DHBs
antibodies from4 — 11 dpi, atlow and varying titres. However, the anti-DHBs antibodies
were not sufficient to complex to and remove the DHBYV virions from the serum, as “active”
viraemia was also d etected, in dicating th at the levels o f circulating D HBV virions in the

serum were in excess of the anti-DHBs antibodies.

Using the invPCR assay, up to 22.8 pg of DNA were analysed from liver tissues at 4, 18 and
60, 165, 196, 327 dpi. Out of the 685 i nvPCR products s equenced, 3 integrated virus-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 10°— 10* cells by 6
dpi (Yanga nd S ummers, 1999) , t hus out of t he ~ 8x10° 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 to 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 1 n t hese s tudies ¢ ould be due to hi gh 1 evels of vi rus-virus ( false pos itive)
sequences detected using the invPCR assay (81% of total invPCR products). It is of course
possible th at p hysiological d ifferences b etween ma mmalian and a vian liver biology 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 infection in w oodchucks (Mason et al., 2005) and at1east 20 years post infection in
humans and chimpanzees (Mason et al., 2009 a; Mason et al., 2010), such large hepatocyte

clones would not be expected to be found in ducks.
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