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Abstract  
Approximately two-thirds of the world's population has been exposed to the hepatitis B virus 

(HBV), the causative agent of hepatitis B, with sub-Saharan Africa experiencing a high 

prevalence, where up to 8% of the population are chronic carriers. The persistence of HBV 

infection is largely due to the stable replicative intermediate, covalently closed circular DNA 

(cccDNA), which current treatments do not effectively target or eliminate. Consequently, a 

reliable cure for chronic hepatitis B (CHB) remains unavailable. Gene editing technologies, such 

as Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 

(CRISPR/Cas), Transcription Activator-Like Effector Nucleases (TALENs), and Zinc Finger 

Nucleases (ZFNs), can directly target cccDNA and offer the potential to eliminate this reservoir. 

However, these methods are limited by the risk of off-target effects, including chromosomal 

deletions and translocations. In contrast, emerging epigenome editing technologies provide safer 

alternatives. Designer epigenome modifiers (DEMs) offer a less genotoxic option by modifying 

cccDNA epigenetically. DEMs, comprising DNA methyltransferase (DNMT) and Kruppel-

associated box (KRAB) repressor domains along with a Transcription Activator-Like Effector-

DNA binding domain (TALE-DBD) were designed to target the HBV surface (S), core (C), and 

polymerase (P) open reading frames (ORFs). Control DEMs lack a KRAB domain and contain 

catalytically inactive DNMT. Given the strategic positioning of CpG islands in the HBV genome, 

these regions make the viral genome an ideal target for DNA methylation. To improve the 

efficacy of already existing DEMs, this study evaluated the use of mRNA-based platforms 

(mRNA-based vectors, pmRNA-pA and pT7-(AG)) for expressing anti-HBV DEMs for the first 

time, allowing for targeted silencing of the S, C, and P ORFs of HBV in vitro. Sequences 

encoding the DEMs were cloned into an expression vector specifically designed for in vitro 

transcription of mRNA. In vitro transcribed anti-HBV DEM-encoding mRNA were transfected 

into liver-derived Huh7 and HEK 293T cells. Markers of viral replication, including HBV 

surface antigen (HBsAg) and viral surface and pregenomic RNA (pgRNA) and stimulation of 

interferon response genes were assessed. Bisulphite sequencing was used to confirm the 

methylation of HBV DNA, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assays were conducted to assess the toxicity of the synthesized DEM RNA. The pT7-

(AG) vector, featuring more stable regulatory sequences, a longer poly-A tract, and multiple 

termination codons, proved to be more effective than the original platform. DEMs expressed 
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from this platform achieved a significant reduction in HBsAg levels, particularly with the 

complete substitution of uridine nucleotides with pseudouridine, incorporation of CleanCap® 

AG, and removal of dsRNA. HBsAg levels were reduced by 21-41 %, and up to 50-90 % 

reduction was observed with double transfection. Additionally, viral surface transcript levels 

decreased by 42-70 %, while pregenomic transcript levels decreased by 62-72 % correlating with 

increased trend in methylation at all three targeted CpG islands. There was no evidence of 

immune stimulation or metabolic toxicity, indicating that the observed transcriptional activity 

resulted from DEM activity and suggest that DEMs are safe. Furthermore, the SL and PL DEMs 

exhibited the greatest transcriptional silencing. This proof-of-concept study demonstrates that 

optimising mRNA stability, half-life, and immunogenicity can significantly enhance the efficacy 

of DEMs. However, further in vivo characterisation of these DEMs, along with an assessment of 

their duration of action at both on-target and off-target activities, is required. Nevertheless, 

targeted epigenome silencing of HBV through the use of epigenome editors expressed as in vitro 

transcribed mRNA represents a promising therapeutic approach for modulating viral replication 

and potentially treating CHB. 

 



Acknowledgments 

vii 

 

Acknowledgments 
I would like to express my sincere gratitude to my supervisors, Prof. Abdullah Ely and Prof. 

Patrick Arbuthnot. Their unwavering encouragement, guidance, and commitment to my 

development have been invaluable throughout my postgraduate studies. I truly appreciate their 

support and patience, which have greatly contributed to my growth during this journey. 

I am immensely grateful to the members of the Antiviral Gene Therapy Research Unit for their 

willingness to assist and for creating a supportive, joyful, and encouraging work environment. A 

special thanks to Ms. Tiffany Shenay Smith for her encouragement and assistance throughout my 

research. I would also like to thank Ms Ridhwaanah Jacobs for her support during this journey. 

I would like to extend my gratitude to the following individuals for providing the necessary 

materials for the completion of my research: Dr. Kristie Bloom for supplying the DEM plasmids, 

Prof. Abdullah Ely for the pT7(AG) RNA expression vector, and Dylan Kairuz for the pT7-Luc 2 

plasmid. Ms. Tiffany Shenay Smith for the assistance with the cloning of pmRNA-GFP vector. 

I wish to extend my heartfelt gratitude to my family for their unwavering support and 

encouragement throughout my journey. Their continuous love, prayers, and patience have been 

invaluable, without which the completion of this work would not have been possible. I would 

also like to give special thanks to my beloved late sister, Raveena Singh, whose continued 

support brought me strength, laughter, and the motivation to pursue and complete my studies 

I would like to extend my gratitude to the National Research Foundation (NRF) of South Africa, 

the Poliomyelitis Research Foundation (PRF), the Antiviral Gene Therapy Research Unit/South 

African Medical Research Council, and the Wits Health Consortium for their financial 

assistance. 

Most importantly, all glory, praise, and honour go to our Heavenly Father, Lord and Savior Jesus 

Christ for His grace, strength, and never-ending joy, as well as for the faith to accomplish my 

endeavours and milestones in life. 



Table of Contents  

viii 

 

Table of Contents 
Declaration ...................................................................................................................................... ii 

Dedication ...................................................................................................................................... iii 

Publications and presentations ....................................................................................................... iv 

Abstract ........................................................................................................................................... v 

Acknowledgments......................................................................................................................... vii 

Table of Contents ......................................................................................................................... viii 

List of Figures .............................................................................................................................. xiv 

List of Tables .............................................................................................................................. xviii 

List of abbreviations .................................................................................................................... xix 

1. Introduction ............................................................................................................................. 1 

1.1 Hepatitis B virus epidemiology ...................................................................................... 1 

1.2 Viral genotypes and transmission ................................................................................... 2 

1.3 HBV virion and genome organisation ............................................................................ 3 

1.3.1 Viral replication .......................................................................................................... 4 

1.4 Available Treatment for HBV ......................................................................................... 7 

1.4.1 First line treatment ...................................................................................................... 7 

1.4.2 Current and emerging strategies for HBV treatment .................................................. 8 

1.5 cccDNA: viral reservoir .................................................................................................. 9 

1.5.1 Direct targeting of cccDNA ...................................................................................... 10 

1.6 Epigenetics: potential for therapeutic application..........................................................11 

1.6.1 HBV genome: ideal target for DNA methylation ..................................................... 14 

1.6.2 DNA methylation of HBV ........................................................................................ 17 

1.7 Potential of epigenome editing ..................................................................................... 17 

1.7.1 Effector domains ....................................................................................................... 19 



Table of Contents  

ix 

 

1.7.2 Programmable DBDs ................................................................................................ 19 

1.7.3 Epigenome modifiers targeting HBV ....................................................................... 21 

1.8 Therapeutic potential of designer epigenome modifiers (DEMs) platform .................. 22 

1.9 Applications of mRNA Technology .............................................................................. 23 

1.10 Essential structural elements required for functional IVTed mRNA ............................ 25 

1.10.1 ORF: Coding region .............................................................................................. 25 

1.10.2 Poly(A) tail............................................................................................................ 26 

1.10.3 Untranslated regions (UTRs) ................................................................................ 27 

1.10.4 5' Cap structure ..................................................................................................... 28 

1.10.5 Co-transcriptional capping .................................................................................... 29 

1.10.6 Post-transcriptional capping.................................................................................. 32 

1.11 Strategies to enhance mRNA stability, protein translation, and minimise 

immunogenicity ........................................................................................................................ 34 

1.11.1 Immunogenicity of IVTed mRNA ........................................................................ 34 

1.11.2 Chemical modification of mRNA ......................................................................... 35 

1.11.3 Purification of mRNA ........................................................................................... 38 

1.12 Potential of anti-HBV DEM-based mRNA therapeutic ................................................ 38 

1.13 Aims and objectives ...................................................................................................... 41 

Chapter 2 ....................................................................................................................................... 42 

2. Methods and Materials .......................................................................................................... 42 

2.1 Construction of an RNA expression platform (pmRNA) encoding transgene sequences  

  ..................................................................................................................................... 42 

2.1.1 Construction of anti-HBV DEM mRNA expression vectors .................................... 42 

2.1.2 Construction of pmRNA-GFP reporter plasmid for optimisation studies ................ 47 

2.1.3 Construction of pmRNA vectors expressing active anti-HBV DEMs lacking KRAB 

domain49 



Table of Contents  

x 

 

2.2 In Vitro Synthesis of mRNA from DNA templates ....................................................... 51 

2.2.1 Production of in vitro transcribed therapeutic and reporter mRNA ......................... 51 

2.2.2 Post-transcriptional capping of IVTed mRNA ......................................................... 51 

2.2.3 Removal of dsRNA by cellulose purification ........................................................... 52 

2.3 Characterisation of poly(A) tail length in IVTed mRNA using 3' RACE..................... 53 

2.3.1 Analysis of poly(A) tail length in IVTed mRNA following introduction into cultured 

cells ................................................................................................................................... 54 

2.4 Characterisation of the anti-DEM mRNA in culture mammalian cells ........................ 54 

2.4.1 Evaluation of Anti-HBV DEM mRNA in vitro......................................................... 54 

2.4.2 Detection of Anti-HBV DEM using immunofluorescence staining ......................... 55 

2.4.3 Evaluation of IVTed reporter mRNA using a luciferase assay ................................. 56 

2.4.4 Evaluation of toxicity of anti-HBV DEMs in cultured cells ..................................... 56 

2.5 Construction of mRNA expression plasmid pT7-(AG) DEM 4×S ............................... 57 

2.5.1 Design of pT7-(AG) RNA expression platform........................................................ 57 

2.5.2 Production of IVTed therapeutic and reporter mRNA .............................................. 66 

2.6 Characterisation of the DEM mRNA expressed from pT7(AG)-DEM 4×S in vitro .... 66 

2.6.1 Evaluation of Anti-HBV DEM mRNA silencing in vitro ......................................... 66 

2.6.2 Detection of Anti-HBV DEM mRNA ....................................................................... 67 

2.6.3 Evaluation of toxicity of anti-HBV DEMs expressed from pT7(AG)-DEM 4×S .... 67 

2.6.4 Quantitative reverse transcriptase PCR (qRT-PCR) of HBV viral transcripts ......... 67 

2.6.5 qRT-PCR of innate response to DEM-encoding mRNA .......................................... 68 

2.7 Bisulphite sequencing ................................................................................................... 70 

2.8 Data analysis and programs .......................................................................................... 70 

3. Results ................................................................................................................................... 71 

3.1 Generation of DEM mRNA produced from RNA expression vector ........................... 71 



Table of Contents  

xi 

 

3.1.1 Construction of pmRNA-pA expression vector encoding anti-HBV DEMs ............ 71 

3.1.2 mRNA synthesis of DEM-encoded DNA ................................................................. 77 

3.2 IVT Optimisation of anti-HBV DEM mRNA ............................................................... 81 

3.2.1 Improved characteristics of ARCA-capped IVTed mRNA ...................................... 81 

3.2.2 Characterisation of anti-HBV DEM mRNA expressed from pmRNA-pA vector .... 83 

3.3 Post-transcriptional capping of IVTed GFP and anti-HBV DEM mRNA .................... 87 

3.3.1 Enhanced translation of IVTed GFP and anti-HBV DEM mRNA using post-

transcriptional capping strategies .......................................................................................... 87 

3.3.2 Expression of IVTed dDEM mRNA when post-transcriptionally capped ................ 89 

3.3.3 Expression of active anti-HBV DEM-encoded IVTed mRNA in cultured cells ....... 92 

3.4 Analysis of the functional elements present in pmRNA expression vector and IVTed 

mRNA  ..................................................................................................................................... 96 

3.4.1 Complete functional elements required for pmRNA DEM plasmid expression....... 96 

3.4.2 Characterisation of anti-HBVDEM plasmids in vitro ............................................... 98 

3.4.3 Confirmation of the poly (A) tail in IVTed DEM mRNA ...................................... 103 

3.5 Influence of IVT methods, modified nucleotides, Cap analogue structures, and dsRNA 

removal on mRNA efficacy .................................................................................................... 107 

3.5.1 Enhanced reporter mRNA efficacy ......................................................................... 107 

3.5.2 Transcriptional repression of HBsAg secretion by anti-HBV DEM mRNA ........... 111 

3.6 Utilisation of second mRNA expression vector: pT7-(AG) ........................................113 

3.6.1 Generation of pT7(AG)-DEM 4× S constructs ........................................................114 

3.7 Characterisation of pT7(AG)-DEM 4×S plasmids in vitro ..........................................116 

3.7.1 Expression of anti-HBV DEM-encoding plasmids in cultured cells .......................116 

3.7.2 Plasmid DNA expressing anti-HBV DEM from the pT7(AG)-DEM 4× S vector 

shows no cytotoxicity ..........................................................................................................118 



Table of Contents  

xii 

 

3.7.3 Anti-HBV DEM mRNA produced from the pT7-DEM 4× AG vector effectively 

mediates the expression ...................................................................................................... 120 

3.7.4 Immunohistochemical detection of HA-tag from active DEM mRNA expressed from 

the pT7(AG)-DEM 4×S vector ........................................................................................... 122 

3.8 Anti-HBV DEM mRNA expressed from the pT7(AG)-DEM 4×S vector effectively 

mediates transcriptional silencing of HBV ............................................................................. 124 

3.8.1 Active DEM mRNA mediates transcriptional silencing of HBV viral surface 

proteins ................................................................................................................................ 124 

3.8.2 Transcriptional silencing of HBV transcription mediated by anti-HBV DEM mRNA 

produced from the pT7(AG)-DEM 4×S vector .................................................................. 127 

3.8.3 Targeted methylation of HBV CpG islands induced by DEMs .............................. 129 

3.8.4 Anti-HBV DEMs does not exhibit cellular-mediated cytotoxicity ......................... 134 

3.8.5 Lack of innate immune stimulation mediated by anti-HBV DEM mRNA expressed 

from the pT7(AG)-DEM 4×S vector .................................................................................. 136 

4. Discussion ........................................................................................................................... 138 

4.1 Epigenome editing as an alternative to current therapeutic approaches for HBV ...... 138 

4.2 Application of RNA expression platforms for the expression of anti-HBV epigenome 

modifiers ................................................................................................................................. 139 

4.3 Expression of DEM mRNA from the pmRNA platform ............................................ 139 

4.4 Functional DEM mRNA expressed from pT7 (AG) RNA expression platform ......... 142 

4.4.1 Expression of active anti-HBV DEMs mRNA in vitro ........................................... 143 

4.4.2 Transcriptional silencing of HBV surface protein and viral transcripts ................. 144 

4.5 Safety of using transcriptional repressor DEMs expressed as mRNA ....................... 147 

4.6 Future work ................................................................................................................. 148 

4.6.1 Target specificity and safety of epigenome editors ................................................. 149 

4.7 Therapeutic benefit of expressing DEMs from IVTed mRNA ................................... 150 

4.8 Conclusion .................................................................................................................. 151 



Table of Contents  

xiii 

 

5. 5.  Appendix ........................................................................................................................ 153 

5.1 Gel electrophoresis...................................................................................................... 154 

5.2 Extraction of DNA fragments from agarose gel ......................................................... 155 

5.3 Preparation and transformation of chemically competent E. coli ............................... 155 

5.4 Large-scale plasmid preparation ................................................................................. 156 

5.5 In vitro transcription protocols.................................................................................... 157 

5.5.1 RiboMAX
TM

 Large Scale RNA Production System (Promega, WI, USA)Table ... 157 

5.5.2 Transcript T7 High Yield Transcription Kit (ThermoScientific, CA, USA) ........... 158 

5.5.3 New England Biolabs (NEB) individual IVT components (New England Biolabs, 

NJ, USA) ............................................................................................................................. 158 

5.6 Nucleic acid extraction protocols ................................................................................ 159 

5.6.1 RNA extraction from monolayer cells .................................................................... 159 

5.6.2 DNA extraction from monolayer cells .................................................................... 160 

5.7 Cell culture: maintenance and propagation of mammalian cells ................................ 161 

5.8 Assessment of HBsAg using ELISA .......................................................................... 162 

5.9 mRNA Platforms for Expressing Transgene Sequences ............................................. 167 

5.9.1 GFP reporter mRNA expression vector .................................................................. 167 

5.9.2 Active pmRNA-DEMΔKRAB plasmids ................................................................ 170 

5.9.3 Active pT7(AG)-DEMΔKRAB 4×S plasmids ....................................................... 178 

5.10 Ethic Clearance ........................................................................................................... 191 

References ................................................................................................................................... 192 

 



List of Figures  

xiv 

 

List of Figures  
Figure 1.1: HBV replication ........................................................................................................... 6 

Figure 1.2: DNA Methylation of Cytosine. .................................................................................. 13 

Figure 1.3:Schematic representation of the ORFs in the HBV genome with predicted CpG 

islands. .......................................................................................................................................... 16 

Figure 1.4:Overview of epigenome editing. ................................................................................. 18 

Figure 1.5:Representative scheme of in vitro transcribed (IVTed) mRNA. ................................. 24 

Figure 1.6: Schematic representation of co-transcriptionally capped mRNA cap structures. ...... 31 

Figure 1.7: Schematic representation of mRNA cap structures produced post-transcriptionally. 33 

Figure 1.8: Chemical structures of modified nucleotides. ............................................................ 37 

Figure 1.9: Schematic representation of active and inactive DEMs. ............................................ 40 

Figure 2.1: A schematic illustrating the cloning strategy used to generate active and inactive 

pmRNA-DEM plasmids................................................................................................................ 46 

Figure 2.2: Schematic illustrating the cloning strategy used to generate pmRNA-GFP. .............. 48 

Figure 2.3: A schematic illustrating the cloning strategy used to generate active pmRNA-

DEMΔKRAB plasmids. ................................................................................................................ 50 

Figure 2.4: Design of the ECS-Fragment for pT7-(AG) Cloning. ................................................ 59 

Figure 2.5: A schematic illustrating subcloning strategy of pT7(AG)-ECS 4×S. ......................... 61 

Figure 2.6: A schematic illustrating the cloning strategy used to generate active pT7(AG)-DEM 

4×S and pT7(AG)-DEMΔKRAB 4×S plasmids. .......................................................................... 65 

Figure 3.1: Confirmation of active pmRNA-DEM DNA by enzymatic digestion. ...................... 73 

Figure 3.2: Confirmation of KRAB domain in active pmRNA-DEM plasmids by enzymatic 

digestion. ....................................................................................................................................... 74 

Figure 3.3: Confirmation of inactive pmRNA-dDEM DNA by enzymatic digestion. ................. 75 

Figure 3.4: Restriction enzyme digestion confirming the absence of KRAB domain in inactive 

pmRNA-dDEM constructs............................................................................................................ 76 

Figure 3.5: Linearisation and IVT of anti-HBV DEMs in vitro. .................................................. 78 

Figure 3.6: Assessment of IVTed DEM mRNA expressed from pmRNA expression vector in 

cultured cells. ................................................................................................................................ 80 

Figure 3.7: Linearisation and IVT of reporter mRNA in vitro. ..................................................... 82 



List of Figures  

xv 

 

Figure 3.8: Comparison of Cap 0 and ARCA capping strategies and purification techniques for 

IVTed reporter mRNA. ................................................................................................................. 84 

Figure 3.9: In vitro assessment of cap-independent translation of IVTed FLuc reporter mRNA. 86 

Figure 3.10:Comparison of Cap 0 and Cap 1 post-transcriptional capping strategies for reporter 

mRNA. .......................................................................................................................................... 88 

Figure 3.11: Immunofluorescence detection of IVTed active and control DEM mRNA in vitro. 91 

Figure 3.12: Linearisation and IVT of active pmRNA-DEMΔKRAB plasmids. ......................... 93 

Figure 3.13: Evaluation of expression and functionality of post-transcriptionally capped Cap0 

DEMs lacking the KRAB domain. ............................................................................................... 95 

Figure 3.14:Confirmation of TALE-DBD and poly (T) track in pmRNA-DEM expression 

plasmids. ....................................................................................................................................... 97 

Figure 3.15: Immunohistochemical detection of HA-tag expression from pmRNA-DEM plasmid 

DNA in active and inactive DEMs.............................................................................................. 100 

Figure 3.16: Plasmid DNA encoding anti-HBV DEMs achieve transcriptional repression without 

cellular toxicity. ........................................................................................................................... 102 

Figure 3.17: Analysis of the poly (A) tail in IVTed mRNA. ...................................................... 106 

Figure 3.18: Effects of modified nucleotides, purification, and capping strategies on IVTed 

mRNA. .........................................................................................................................................110 

Figure 3.19: Effects of modified nucleotides, purification, and capping on IVTed DEM mRNA.

......................................................................................................................................................112 

Figure 3.20: Confirmation of active pT7(AG)-DEM 4×S plasmid DNA by enzymatic digestion.

......................................................................................................................................................115 

Figure 3.21:Immunofluorescence detection of pT7(AG)-DEM 4×S plasmid DNA in vitro. ......117 

Figure 3.22: Anti-HBV DEM DNA expressed from the second RNA expression vector. ..........119 

Figure 3.23:Linearisation and IVT of pT7(AG)-DEM 4×S and reporter pT7-mCherry encoding 

plasmids. ..................................................................................................................................... 121 

Figure 3.24: Immunofluorescence Detection of Active DEM mRNA in Huh7 Cells. ............... 123 

Figure 3.25: Transcriptional silencing of HBsAg by anti-HBV DEM mRNA expressed from the 

pT7(AG)-DEM 4×S vector. ........................................................................................................ 126 

Figure 3.26: Assessment of anti-HBV DEM mRNA-mediated silencing of HBV viral transcripts 

in vitro. ........................................................................................................................................ 128 



List of Figures  

xvi 

 

Figure 3.27: Potential methylation patterns in HBV CpG Islands I-III following DEM 

transfection in cultured cells. ...................................................................................................... 133 

Figure 3.28: Assessment of toxicity associated with anti-HBV DEM mRNA. .......................... 135 

Figure 3.29: Assessment of interferon response stimulation by anti-HBV DEM-encoding mRNA 

in cultured cells. .......................................................................................................................... 137 

Figure 5.1: Plasmids maps of pCMV-dDEM and pCMV-DEM under the control of a CMV 

promoter. ..................................................................................................................................... 163 

Figure 5.2: Restriction enzyme digestion of pmRNA-pA backbone. ......................................... 164 

Figure 5.3: Restriction enzyme digestion of CMV inactive and active DEMs to excise the TALE-

encoding domain. ........................................................................................................................ 165 

Figure 5.4: Restriction enzyme digestion of CMV inactive and active DEMs to excise the 

effector-encoding domains. ......................................................................................................... 166 

Figure 5.5: Restriction enzyme digestion of pCMV-eGFP -encoding plasmid. ......................... 168 

Figure 5.6: Confirmation of GFP reporter mRNA expression vector by enzymatic digestion. .. 169 

Figure 5.7: Restriction enzyme digestion of pVAX-CMV TALEN-encoding plasmids............. 171 

Figure 5.8: Confirmation of active pmRNA-DEMΔKRAB DNA by enzymatic digestion. ...... 172 

Figure 5.9: Restriction enzyme digestion of pUC57-ECS -encoding plasmid with NdeI and 

Esp3I. .......................................................................................................................................... 173 

Figure 5.10: Restriction enzyme digestion of pUC57-ECS -encoding plasmid with NdeI and 

Esp3I. .......................................................................................................................................... 174 

Figure 5.11: Restriction enzyme digestion of pT7(AG)-ECS 4×S-encoding plasmid. .............. 175 

Figure 5.12: Restriction enzyme digestion of active pmRNA-DEMs. ....................................... 176 

Figure 5.13: Restriction enzyme digestion of active pmRNA-DEMs to excise the TALE-DNMT-

encoding sequences. .................................................................................................................... 177 

Figure 5.14: Restriction enzyme digestion of active pmRNA-DEMΔKRAB to excise transgenes.

..................................................................................................................................................... 179 

Figure 5.15: Confirmation of active pT7-DEMΔKRAB AG 4× DNA by enzymatic digestion. 180 

Figure 5.16: Sequencing confirmation of TALE-DBD sequences in Anti-HBV DEMs. ........... 183 

Figure 5.17: Sequencing confirmation of DNMT3A sequences in anti-HBV DEMs. ............... 185 

Figure 5.18: Sequencing confirmation of DNMT3L sequences in anti-HBV DEMs. ................ 187 

Figure 5.19: Immunofluorescence detection of pT7(AG)-DEMΔKRAB 4×S mRNA. ............. 188 



List of Figures  

xvii 

 

Figure 5.20: IVT of DEM produced from pT7-DEM 4× AG vector and assessment of 

transcriptional repression of HBsAg in vitro. ............................................................................. 189 

 



List of Tables 

xviii 

 

List of Tables  
Table 1.1:Global geographic distribution of HBV genotypes with corresponding CpG islands 

including the 3 conventional and novel CpG islands.................................................................... 15 

Table 1.2: Comparison of DNA binding domains, Zinc Fingers, TALEs and CRISPR for 

epigenome editing. ........................................................................................................................ 20 

Table 2.1: Post-transcriptional capping protocol for producing Cap 0 and Cap 1 mRNA ........... 52 

Table 2.2: Primer Sequences used to amplify HBV surface and pgRNA transcripts by RT-qPCR

....................................................................................................................................................... 68 

Table 2.3: Primer sequences used to amplify IFN-β and IFN- inducible genes ........................... 69 

Table 5.1: Description of plasmids used in this study ................................................................ 153 

Table 5.2 : IVT reaction setup with RiboMAXTM Large Scale RNA Production System reaction 

set up ........................................................................................................................................... 157 

Table 5.3 : IVT reaction setup with Transcript T7 High Yield Transcription Kit ....................... 158 

Table 5.4: IVT reaction setup with NEB IVT components, TriLink Buffer and CleanCap AG . 158 

Table 5.5: Composition of 10× TriLink CleanCap® AG IVT buffer ......................................... 159 

Table 5.6: Amino Acid Repeat-Variable Di-Residues (RVDs) of S, C, and P TALE-DBDs 

Responsible for Single Nucleotide Recognition (Bloom et al., 2013) ........................................ 181 

Table 5.7: RT-qPCR results for HPRT Gene amplification in mock and DEM-transfected Huh7 

cells using Luna® Universal One-Step Reagent (without reverse transcriptase) ....................... 190 

  

 

 

 

 

 

 

 



List of Abbreviations 

xix 

 

List of abbreviations  
ATF -         Artificial transcription factor (ATF) 

Bp -  Base pair  

BSA -  Bovine serum albumin 

Cas9 -          CRISPR associated 9 

cccDNA -  Covalently closed circular DNA 

CHB -  Chronic HBV infection 

CMV -  Cytomegalovirus 

CRISPR -  Clustered regularly interspaced short palindromic repeats 

CpGs -  CpG dinucleotides 

DSB - Double-stranded breaks 

ddH2O -  Double distilled water 

dsRNA - Double-stranded RNA  

DAPI -  4',6-diamidino-2-phenylindole 

DEM -  Designer epigenome modifier 

dDEM - Dead (inactive) designer epigenome modifier 

DMEM -  Dulbecco’s Modified Eagle’s Medium 

DMSO -         Dimethyl sulphoxide 

DBD -  DNA binding domain 

DNMTs - DNA-methyltransferases 

E. coli -  Escherichia coli 

EDTA -  Ethylene diamine tetra-acetic acid 

eGFP - Enhanced green fluorescent protein  

ELISA - Enzyme Linked Immunosorbent assay  

FBS -  Foetal bovine serum  

FITC - Fluorescein isothiocyanate  

FLuc -  Firefly luciferase 

HA  -  Haemagglutinin epitope 

Huh7 -  Human hepatoma 7 



List of Abbreviations 

xx 

 

HBcAg    -        Hepatitis B core antigen 

HBV - Hepatitis B virus  

HBeAg  - Hepatitis B e antigen 

HBx -  Hepatitis B virus X protein  

HCC -  Hepatocellular carcinoma 

HDI  - Hydrodynamic injection   

IFIT 1 - Interferon-induced proteins with tetratricopeptide repeats 1 

IFN -  Interferon 

IFN-α  - Interferon alpha 

IFN-β  - Interferon beta 

IRES - Internal ribosome entry site  

IVT - In vitro transcription 

IVTed - In vitro transcribed  

KRAB - Krüppel-associated box  

LiCl - Lithium chloride  

mRNA -         messenger RNA 

MDA5 -         Melanoma differentiation-associated protein 5 

m1A -         N1-methyladenosine 

m6A -         N6-methyladenosine 

5moU - 5-Methoxyuridine (5moU), 

m1ψ -         N1-methylpseudouridine 

m5U -         5-Methyluridine 

MTT  -           3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide 

NAs -         Nucleos(t)ide analogues 

NLS -         Nuclear localisation signal  

NLRs -  Nucleotide oligomerisation domain (NOD)-like receptors 

Nm -         Nanometres  

NTCP -         Sodium taurocholate co-transporting polypeptide 

ORF -         Open Reading Frame 



List of Abbreviations 

xxi 

 

OAS 1 -        Oligoadenylate synthetase 1 

PABPs -        Poly (A) binding proteins 

PBS -         Phosphate buffered saline  

PCR  - Polymerase chain reaction 

PKR - Double stranded RNA-dependent protein kinase 

pgRNA - Pregenomic RNA  

PRRs - Pattern recognition receptors 

PTMs - Post-transcriptional modifications   

qPCR - Quantitative PCR  

rcDNA - Relaxed circular DNA  

RIG-I - Retinoic acid-inducible gene I 

RLRs - Retinoic acid-inducible gene-I-like (RIG-I-like) receptors 

rpm - Revolutions per minute 

RT-qPCR - Reverse transcriptase quantitative PCR 

ssRNA - Single-stranded RNA 

TALE - Transcription activator-like effector  

TALEN - Transcription activator-like effector nuclease 

TLRs - Toll-like receptors  

UTR - Untranslated region  

VCE - Vaccinia Capping Enzyme 

VPE - Viral particle equivalents 

ZF - Zinc Finger 

ZFN - Zinc Finger Nuclease  

 

List of symbols  

3', 5' - Three prime, five prime 

Α  - Alpha 

Β  - Beta  

Δ. - Delta 

Ψ - Pseudouridine



Chapter 1- Introduction 

1 

 

Chapter 1 

1. Introduction  

1.1 Hepatitis B: the virus, the disease and the epidemiology  

The hepatitis B virus (HBV) was discovered in the 1960s, and it soon became one of the first 

human hepatitis viruses to be well characterised at a molecular level (Blumberg et al., 1967). 

HBV belongs to the Hepadnaviridae family and is a small, enveloped DNA virus with strong 

liver tropism and species-specificity (Levrero et al., 2009, Guo et al., 2023). This highly 

transmissible virus possesses a unique genomic organisation and has evolved a successful 

replication mechanism that has allowed for indefinite persistence of the virus in the livers of 

infected individuals (Zhou and Holmes, 2007). HBV infection of hepatocytes results in liver 

inflammation and can be either acute or chronic (Marion and Robinson, 1983). Acute infection 

generally occurs after initial exposure and may last up to six months with an estimated 90%–

95% of individuals clearing  the infection completely without the requirement for treatment 

(Mani and Andrisani, 2019). However, individuals who are unable to clear the virus after six 

months are diagnosed as having a chronic infection. Chronically infected individuals can be 

asymptomatic and can serve as carriers further contributing to virus transmission (Kasianchuk et 

al., 2023). Persistent immune-mediated clearance of infected cells during chronic HBV infection 

(CHB) leads to liver damage which in turn may lead to hepatocellular carcinoma (HCC) and/or 

cirrhosis (Chen and Tian, 2019).  

HBV continues to be a major global cause of mortality, with a prevalence of 3.2% worldwide as 

of 2022 and an estimated 257.5 million people infected (WHO, 2022). Approximately 14% of 

these individuals are diagnosed and only 8%  are treated (WHO, 2022). Chronicity is influenced 

by multiple viral factors and is caused as result of  the stable covalently closed circular DNA 

(cccDNA), which resides indefinitely within infected hepatocytes (Sung et al., 2012, Péneau et 

al., 2022). This cccDNA serves as a template for viral replication and transcription, leading to the 

production of new virions and contributing to the maintenance of a persistent viral reservoir. 

Additionally, the inability of the host immune system to clear the infection is the primary cause 

of chronicity, as the virus remains in the individual indefinitely. This contributes further to the 
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persistence of the infection through the maintenance of a stable viral reservoir. CHB continues to 

cause significant mortality and morbidity globally, with an estimated 250–300 million chronic 

carriers contributing to approximately 880,000 deaths annually (Hu et al., 2019). Additionally, 

infants infected with HBV during the perinatal period (approximately 90%) and in individuals 

who are immunocompromised are highly likely to develop CHB (Long et al., 2022).  CHB 

significantly increases the risk of developing HCC and cirrhosis (Sung et al., 2021, Llovet et al., 

2016).  HBV is highly endemic in sub-Saharan Africa and Asia, in these areas the seroprevalence 

of HBsAg is above 8% of the population (Amponsah-Dacosta, 2021) and progression to 

chronicity is common in these regions with high rates of cirrhosis and HCC. In contrast, HBV is 

moderately endemic in the Mediterranean Basin and Eastern Europe with a prevalence ranging 

from 2-8%. Meanwhile, North Africa and Western Europe are considered to have low endemicity 

(Nguyen et al., 2020).  In regions with a high prevalence of HBV, particularly sub-Saharan Africa 

and Southeast Asia, HCC is among the most common cancers (Amponsah-Dacosta, 2021). Liver 

cirrhosis is a major risk factor for HCC development, and the prognosis for HCC is poor, with a 

5-year survival rate of approximately 18% (Draper, 2020). It has been reported that untreated 

individuals with HBV-induced cirrhosis face a liver-related mortality rate of 49.86 per 1,000 

person-years, which is significantly higher than the 11.39 per 1,000 person-years for those 

receiving treatment (Makuza et al., 2024). Additionally, recent studies have reported a 5-year 

cumulative incidence of hepatocellular carcinoma (HCC) at 22.9% (Guo et al., 2024).  

1.2 Viral genotypes and transmission  

HBV replicates through an RNA intermediate via reverse transcription. The lack of proofreading 

ability of the viral DNA polymerase predisposes HBV to mutations leading to a relatively high 

mutation rate of 10% compared to other viruses (Mimms, 1995, Caligiuri et al., 2016). Based on 

the high variability of HBV sequences and nucleotide divergence of 7.5-8 %, 10 genotypes have 

been identified (A to J) which are further subdivided into multiple subgenotypes with a DNA 

divergence between 4 to 7.5% (Kramvis, 2014). HBV genotypes are distributed geographically, 

and this distribution significantly influences clinical outcomes, with the severity of the disease 

varying according to the specific genotype present. Specifically, genotypes C and A are 

associated with more severe cirrhosis and hepatocellular carcinoma (HCC) (Yuen et al., 2008, 

Kumar et al., 2005, Rajoriya et al., 2017).  
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HBV is primarily transmitted through exposure to infected bodily fluids and blood, which occurs 

through both vertical and horizontal transmission routes. Vertical transmission occurs when an 

infected mother passes the virus to her newborn through contaminated bodily secretions or blood 

(Borgia et al., 2012). In contrast, horizontal transmission involves the spread of the virus 

between individuals through physical contact or contact with infected bodily fluids. In highly 

endemic regions, such as Southeast Asia, the virus is commonly acquired early in childhood or 

perinatally, while in Africa, horizontal transmission primarily occurs during childhood (Borgia et 

al., 2012, Keane et al., 2016). The spread of the virus in these regions is exacerbated by 

socioeconomic factors, insufficient disinfection of medical equipment, and the use of 

contaminated blood or blood components (Gnyawali et al., 2022, Mohamud et al., 2024, 

Sauerbrei, 2014). An HBV vaccine has been available since 1982 and has a 95% efficacy rate. 

and has been universally implemented to reduce infection rates and new cases globally. It has 

proven highly effective in preventing initial HBV infections, offering over 95% protection to 

infants, children, and young adults, and achieving seroprotection rates of 98-100% in children 

and 90-95% in adults (Van Den Ende et al., 2017, Dasgupta et al., 2020). This widespread 

vaccination has also contributed to lower liver cancer rates(Dasgupta et al., 2020, Romano’ and 

Zanetti, 2022, Schillie and Murphy, 2013) . However, since it is a prophylactic vaccine, it does 

not provide therapeutic benefits for those already infected with HBV or impact established 

chronic hepatitis B (CHB) infections (Sheena et al., 2022). Additionally, 5-10% of 

immunocompetent adults may not reach protective antibody levels, highlighting the need for 

improved vaccination strategies, particularly in high-transmission areas (Romano’ and Zanetti, 

2022, Schillie and Murphy, 2013) 

1.3 HBV virion and genome organisation  

The infectious HBV particle, known as a 'Dane particle,' consists of an outer lipid bilayer that 

surrounds a nucleocapsid. The nucleocapsid itself is composed of hepatitis B core antigen 

(HBcAg) organised in an icosahedral structure, and it contains the viral polymerase and a 

partially double-stranded viral genome known as relaxed circular DNA (rcDNA). Embedded in 

the lipid bilayer are hepatitis B surface antigens (HBsAg), which include small (S), middle (M), 

and large (L) surface proteins (Dane et al., 1970, Nassal, 2015). rcDNA is comprised of a short 

plus strand and a long minus strand. The minus strand serves as a template for the viral 
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polymerase, which synthesises the plus strand of DNA. Meanwhile, the plus  DNA strand is 

utilised for transcription of viral mRNA (Nassal, 2015). 

The 3.2 kb viral genome of HBV is intricately arranged as all genes are encoded within the four 

overlapping open reading frames (ORFs) namely surface (S), polymerase (P), core (C) and (X).  

The viral genome encodes for the expression of five viral transcripts (Seeger and Mason, 2000). 

These transcripts encode seven proteins, namely five structural proteins consisting of the three 

forms of HBsAg (S, M and L), HBc, hepatitis B e antigen (HBeAg) and two non-structural 

proteins polymerase ,  and X protein (HBx) (Lamontagne et al., 2016). The S ORF, which can be 

divided into the S, pre-S1 and pre-S2 regions, encodes the 3 surface envelope antigens. The C 

ORF encodes the core and precore proteins. Core is translated from the pgRNA and assembles 

into the nucleocapsid. Precore is translated from the precore mRNA and is processed to yield 

HBeAg (Seeger and Mason, 2015). Whereas the P ORF encodes the polymerase protein which is 

responsible for the reverse transcription of pgRNA and X ORF encodes the HBx protein (Seeger 

and Mason, 2015). Transcriptional control of the viral genome is highly regulated involving four 

distinct promoters (pS1, pS2, pC, pX), two enhancing elements (enhancer I and enhancer II) and 

other regulatory elements (Seeger and Mason, 2000). The highly condensed multifunctional 

nature of the genome results in the majority of the sequence encoding for more than one 

functional element (McNaughton et al., 2019) contributing to the high mortality. 

1.3.1 Viral replication  

Infection begins when HBV, encoding pre-S1 and pre-S2 proteins, attaches to the host cell by 

binding to heparan sulfate proteoglycans and glypican 5 (GPC5) (Verrier et al., 2016). The virus 

then binds to the sodium taurocholate cotransporter polypeptide (NTCP) on hepatocytes and 

interacts with the epidermal growth factor receptor (EGFR) to mediate viral entry into the 

cell(Yan et al., 2012, Iwamoto et al., 2019). Following entry, the viral nucleocapsid is released 

and transported to the nucleus. Once in the nucleus, the nucleocapsid disintegrates to release the 

core proteins (HBcAg) and rcDNA (Gallucci and Kann, 2017). Once in the nucleus, rcDNA 

undergoes processing and is repaired to form cccDNA using host DNA repair machinery 

(Schreiner and Nassal, 2017). Repair of rcDNA requires the simultaneous removal of the viral 

polymerase covalently attached to the 5′ end of the minus strand DNA (Delius et al., 1983)  and a 

short RNA oligomer at the 5′ end of the plus strand. The RNA oligomer, which served as a 
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primer for plus-strand DNA synthesis is removed to facilitate ligation of the two strands. 

Following this, the two DNA strands undergo covalent ligation to form the cccDNA (Chuang et 

al., 2022). cccDNA associates with histone and non-histone proteins producing a compact stable 

minichromosome that primarily functions as a transcriptional template for all viral RNA and 

consequently is essential for protein production and viral replication (Nassal, 2015). Three 

subgenomic RNAs (preS1 mRNA, preS2/S mRNA and HBx mRNA) and two genomic RNA 

(pregenomic RNA (pgRNA) and precore RNA (pcRNA)) are transcripts encoded by cccDNA 

(Levrero et al., 2009) and in the cytoplasm are translated into viral proteins including envelope 

proteins, core proteins and polymerase.  

Envelope proteins and core packaging proteins are synthesised from preS1, preS2 and HBcAg 

mRNAs. Envelope proteins are necessary for the formation of the viral envelope, while core 

packaging proteins facilitate the packaging of nascent viral DNA into the capsid (Nassal, 2015). 

pgRNA operates as a bicistronic mRNA, allowing for the translation of core protein and viral 

polymerase. The translation of polymerase initiates a signal that starts the encapsidation process. 

This process causes the reverse transcription of the minus strand producing the function as a 

template for plus-strand synthesis (Delius et al., 1983). This results in a mature nucleocapsid 

containing the rcDNA genome. Mature nucleocapsids are enveloped to form HBV virions which 

secreted from the hepatocytes via secretory pathways (Soussan et al., 2000). Alternatively, some 

nucleocapsids are transported to the nucleus replenishing the cccDNA pool (Beck and Nassal, 

2007). In this way, the cccDNA reservoir is maintained even in the absence of detectable 

viraemia over long periods of time (Blondot et al., 2016), leading to the stable maintenance of 

cccDNA reservoir in the nucleus of the infected hepatocytes (Figure 1.1). 

 



Chapter 1- Introduction 

6 

 

 

Figure 1.1: HBV replication. HBV attaches to the host cell by binding to the NTCP, mediating 

viral entry into the cell. Following entry, the viral nucleocapsid is released and transported to the 

nucleus, where it disintegrates to rcDNA. Once in the nucleus, rcDNA undergoes processing and 

is repaired to form cccDNA. cccDNA serves as the viral template for the transcription of 

subgenomic RNAs and pgRNA, which are transported to the cytoplasm. In the cytoplasm, these 

RNAs are translated into viral proteins, including envelope proteins, core proteins, and 

polymerase. The translation of polymerase initiates a process of encapsidation, which involves 

reverse transcription of the minus strand to generate the plus strand, leading to the formation of a 

mature nucleocapsid containing progeny DNA (rcDNA). The nucleocapsid then binds to the 

endoplasmic reticulum, acquiring an envelope with surface proteins. Finally, the nucleocapsid 

can either be secreted or re-enter the nucleus to produce additional cccDNA (Adapted from (Wei 

and Ploss, 2020). 
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1.4 Available Treatment for HBV 

1.4.1 First line treatment  

Approved licensed therapies for management of CHB consists of immunomodulating agents and 

nucleos(t)ide analogues (NAs). Immune modulators derived from interferon (IFN) alpha 

(standard IFN-α and pegylated IFN-α) epigenetically control minichromosome cccDNA and 

modulate host antiviral immune response (Belloni et al., 2012) removing infected hepatocytes. 

Treatment has been shown to be effective in approximately 20% of patients limiting its 

usefulness (Gish et al., 2015). Five oral NAs, comprising lamivudine, entecavir, telbivudine, 

tenofovir and adefovir dipivoxil potently block the viral reverse transcriptase thereby 

suppressing replication (Trépo et al., 2014). NA treatment does not eliminate cccDNA and has no 

effect on integrated viral sequences which are associated with continued HBsAg expression and 

HBV-related carcinogenicity (Lok et al., 2017). Therefore necessitating life-long treatment 

which is complicated by drug-toxicity and the emergence of drug resistant viruses (Zoulim, 

2011). Managing HBV in patients co-infected with HIV is more complex because of accelerated 

HBV replication, delayed HBeAg seroconversion, and a higher risk of CHB, which adversely 

affects survival outcomes (Maponga et al., 2020). In South Africa, HIV-positive individuals 

receive antiretroviral therapy (ART), typically including tenofovir disoproxil fumarate (TDF) 

with lamivudine or emtricitabine, which are effective against HBV (Hamers et al., 2013). This 

facilitates simultaneous treatment of both infections and reduces complications. However, HBV 

mono-infected patients often lack comparable integrated antiviral therapy, leading to worse 

disease progression and treatment outcomes, as eligibility is determined by clinical staging and 

guidelines (Sonderup et al., 2020). Additionally, co-infected patients may sometimes receive 

only HBV monotherapy, increasing the risk of developing HBV-resistant mutants (Selabe et al., 

2007). NAs along with PEGylated IFN-α comprise first line treatment of HBV and has shown 

success when used as a combination therapy (Liver, 2017). Presently there are no approved 

therapies that reliably silence or eliminate cccDNA from chronic carriers (Fanning et al., 2019). 

The failure of these therapies to completely eliminate cccDNA highlights the requirement for 

novel therapeutic approaches to treat CHB infections. 
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1.4.2 Current and emerging strategies for HBV treatment 

Considering the limitations of current antiviral therapies, along with mortality rates, new 

infections, and the percentage of individuals chronically infected, the most feasible goal is a 

functional cure. A functional cure is defined as having undetectable HBV DNA levels with a 

sustained loss of HBsAg in the serum following the discontinuation of therapy (Zeisel et al., 

2015). Given this, emphasis has been placed on the development of a broad spectrum of 

therapies targeting critical points in the HBV replication cycle. Some of these therapies are in 

preclinical and early clinical trials, aiming to provide effective alternatives for those infected 

(Lee et al., 2020). 

The treatment of HBV infection involves several therapeutic approaches, each targeting different 

stages of the virus' lifecycle. One primary strategy is the use of direct-acting antiviral therapies. 

These include entry inhibitors, such as Bulevirtide (Hepcludex) and Myrcludex B, which block 

the NTCP receptor to prevent the virus from entering hepatocytes (Yan et al., 2012); capsid 

assembly inhibitors, including ZM-H1505R (Canocapavir), disrupt the viral capsid formation 

inhibiting the encapsidation of pgRNA thereby impairing the formation of cccDNA (Schinazi et 

al., 2018, Berke et al., 2017, Parikh et al., 2023). Additionally, secretion inhibitors, such as REP 

2139, block viral assembly by targeting viral proteins essential for assembling new virions and 

prevents envelopment of the virus (Schinazi et al., 2018, Fanning et al., 2019, Bazinet et al., 

2020). Reverse transcriptase including lamivudine and polymerase inhibitors, such as 

nucleos(t)ide analogs, function by suppressing viral DNA synthesis (Lai et al., 2017) 

In addition to these methods, targeting HBV gene expression presents another therapeutic 

approach. Post-transcriptional control inhibitors, such as RNA interference (RNAi) molecules 

(Morrissey et al., 2005, Ely et al., 2008), antisense oligonucleotides (ASOs) (Maepa et al., 2015), 

and locked nucleic acids (LNA) (Javanbakht et al., 2018), work by directly binding to HBV 

mRNA to suppress its translation or induce its degradation. Another significant strategy involves 

immune modulation, which aims to enhance the host’s immune responses using therapies that 

target Toll-like receptors (TLRs) and immune checkpoint molecules like programmed cell death 

protein 1 (PD-1) and PD ligand 1 (PD-L1) (Ma et al., 2018, Fisicaro et al., 2010). Additionally, 

efforts to target the cccDNA reservoir include gene editing technologies like zinc finger 

nucleases (ZFNs)(Cradick et al., 2010), transcription activator-like effector nucleases (TALENs) 
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(Bloom et al., 2013, Smith et al., 2021), and the clustered regularly interspaced short palindromic 

repeats/CRISPR-associated proteins (CRISPR/Cas) system (Schiwon et al., 2018), which disrupt 

cccDNA by causing targeted mutagenesis at specific HBV genome sequences. Epigenetic 

therapies harness the target specificity of gene editing technologies to modify the cccDNA and 

repress HBV gene expression without altering the DNA sequence (Zhao et al., 2013, Bloom et 

al., 2019). Combining these various antiviral and immune modulatory strategies may enhance 

treatment efficacy and move closer to achieving functional cure for chronic HBV infection. 

However, challenges remain, particularly in managing the cccDNA reservoir, which continues to 

present as a major obstacle. 

1.5  cccDNA: viral reservoir 

HBV cccDNA is maintained in quiescent hepatocytes without affecting viability and functions as 

a viral template for transcription of pgRNA and subgenomic RNAs. This replication intermediate 

is inherently stable in infected hepatocytes, persisting for years. This stability is attributed to its 

half-life, which contributes to the persistence of CHB (Laras et al., 2006). The half-life of 

cccDNA is estimated to be around 40 days (Ko et al., 2018) which is consistent with studies in 

ducks and woodchucks which indicate 30 to 50 days (Addison et al., 2002). The viral genome 

maintains its cccDNA copy number using two mechanisms. The first and main method is the 

infection and re-infection of hepatocytes (Beck and Nassal, 2007). The second mechanism 

involves conversion of rcDNA to cccDNA via the intracellular conversion pathway after 

transportation to the nucleus (Nassal, 2015). While various mechanisms contribute to the 

maintenance of the cccDNA reservoir, reactivation of cccDNA in infected hepatocytes upon 

discontinuation of antiviral treatment or under conditions of low immunity indirectly contributes 

to its preservation (Palmore et al., 2009).  

Several mechanisms contribute to the elimination of cccDNA, including clearance of infected 

hepatocytes through T cell-mediated apoptosis, loss or dilution of cccDNA during mitosis, and 

treatment with antivirals such IFNs (Naully et al., 2024, Addison et al., 2002, Lucifora et al., 

2014). However, T cell-mediated apoptosis may not be a feasible strategy because it requires the 

continuous turnover of a significant proportion of both infected and uninfected hepatocytes 

(Phillips et al., 2010). Additionally, cccDNA persists during mitosis and is distributed to progeny 

hepatocytes, even though it lacks a nuclear retention signal and an origin of replication, 
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preventing it from replicating independently (Lucifora and Protzer, 2016). Studies have shown 

that as few as 1.5 copies of cccDNA per cell are sufficient to maintain a chronic infection (Laras 

et al., 2006), which can persist indefinitely despite undetectable levels of HBsAg in the blood 

(Rehermann et al., 1996). Current therapies can reduce but not completely eliminate the 

persistent viral cccDNA reservoir, necessitating lifelong treatment. In response to this, there is 

renewed interest in sequence-specific technologies, such as gene and epigenome editing. These 

approaches have the potential to directly target, eliminate, or silence the cccDNA reservoir by 

inducing mutations within the HBV genome or silencing HBV transcription and replication, 

which is likely to impair viral fitness. These therapies provide a promising strategy for 

overcoming the limitations of existing treatments. 

1.5.1 Direct targeting of cccDNA  

Sequence-specific gene targeting has been achieved using various approaches. Notably, 

significant advancements have been made in targeting HBV using RNA interference (RNAi), 

artificial nucleases, and, more recently, base and prime editing technologies (Smekalova et al., 

2024). RNAi exploits the endogenous microRNA (miRNA) pathway to modulate and silence 

transcription, ultimately affecting target protein coding genes. However it is limited by potential 

off-target effects and toxicity due to the interference and oversaturation of the endogenous 

miRNA pathway (Jackson et al., 2006, Grimm et al., 2006). Artificial nucleases are able to target 

anywhere in the genome, including regulatory elements and non-coding genes, and facilitate 

target mutagenesis which is achieved through to use of the error-prone non-homologous end 

joining DNA repair pathway. Similar to RNAi, nuclease-mediated gene editing is associated with 

off-target activity, which can result in unintended alterations to DNA and lead to genetic changes. 

Additionally, this technology often struggles with the effective targeting of biallelic genes, which 

can increase the frequency of chromosomal deletions and truncations. Such structural changes 

can disrupt gene function(Amabile et al., 2016). Furthermore, Hepadnaviruses depend on double 

stranded breaks (DSBs) in the host genome and the cellular repair machinery to integrate their 

viral genomes. Nuclease-mediated mutagenesis, which introduces DSBs, can therefore 

potentially influence viral integration. The induction of DSBs increases the risk of chromosomal 

translocations, which can lead to further genomic instability (Feitelson and Lee, 2007, Kosicki et 

al., 2018). Although these technologies are widely used in research and hold great potential, their 
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limitations highlight the need for a safer and more effective approach to targeting the HBV 

genome. Epigenome engineering offers a safer alternative by combining the ability to selectively 

induce sequence specific gene silencing without alteration to the DNA sequence (Mlambo et al., 

2018).  

1.6  Epigenetics: potential for therapeutic application  

The term epigenetics, meaning “beyond genetics”, was coined in 1942 and describes the 

reversible or heritable changes in chromosomes that affects the phenotype without alteration to 

the genomic DNA (Waddington, 1942). This highly regulated process which may be inherited 

between cell generations is crucial for gene expression, cell behaviour and function 

(Waddington, 1942). Epigenetic changes influence whether a gene is transcribed or repressed by 

modifying gene expression through post-transcriptional modifications (PTMs) (Wu and Morris, 

2001). PTMs involve the direct addition or removal of chemical marks on DNA or histone 

protein tails, which affect the recruitment of transcriptional machinery and regulatory 

molecules(Andrews et al., 2016). The organisation of DNA and histones into chromatin, also 

known as the ‘epigenome,’ is essential for gene regulation. Chromatin primarily exists in two 

states namely heterochromatin and euchromatin. Heterochromatin comprises highly condensed 

chromatin, which makes the DNA inaccessible to the transcriptional machinery and is associated 

with gene silencing. In contrast, euchromatin consists of more loosely organised chromatin, 

making DNA more accessible and facilitating active transcription (Morrison and Thakur, 2021). 

DNA methylation is a commonly studied epigenetic modification and is crucial for regulating 

gene expression (Jaenisch and Bird, 2003).  

Within mammalian cells, methylation predominantly occurs in CpG dinucleotides (CpGs) which 

are unequally dispersed within the genome and found as clusters termed CpG islands which on 

average can be 1 kb long (Bird, 1987). DNA methylation is an important epigenetic modification 

and is facilitated by DNA-methyltransferases (DNMTs) (Okano et al., 1999). A family of 

DNMTs comprised of DNMT1, DNMT3A, DNMT3B and DNMT3L is responsible for DNA 

methylation by facilitating the transfer of a methyl group from donor S-adenosyl-L-methionine 

to the fifth carbon atom of the cytosine forming a 5-methylcytosine (5meC) and is associated 

with transcriptional silencing (Jones, 2012) (Figure 1.2). DNMT3A and DNMT3B are crucial for 

de novo DNA methylation during development and are capable of methylating unmethylated and 
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hemimethylated DNA (Jeltsch and Jurkowska, 2014), while DNMT1 has a high affinity for and 

methylates hemimethylated DNA. Additionally, DNMT1 is required for the maintenance of DNA 

methylation pattern during replication acquired on the new DNA strand thereby maintaining pre-

existing epigenetic marks (Vandiver et al., 2015). Catalytically inactive Dnmt3-like (Dnmt3L) 

protein is required to enhance the methyltransferase activities of Dnmt3 proteins by binding to 

their catalytic domains, making it instrumental for initiating methylation (Jeltsch and Jurkowska, 

2014). Methylation of DNA by DNMTs blocks binding of transcription factors  to promoters or 

recruits methyl-CpG binding domain (MBD) proteins and cofactors such as histone deacetylases 

(HDACs), histone methyltransferases (HTMs), and chromatin remodellers forming a repressive 

transcription complex responsible for the closed repressive chromatin state resulting in 

transcriptional gene repression (Klose and Bird, 2006). 
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Figure 1.2: DNA Methylation of Cytosine.  DNA methylation involves the covalent transfer of 

a methyl group to the carbon 5 position of the cytosine ring. DNA methyltransferase enzymes 

(DNMTs) catalyse this reaction by transferring a methyl group (CH₃) from the donor S-adenosyl-

L-methionine (SAM), resulting in the formation of 5-methylcytosine (5meC) and S-adenosyl-L-

homocysteine (SAH). This process is a crucial epigenetic mechanism that influences gene 

expression. 
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1.6.1 HBV genome: ideal target for DNA methylation  

cccDNA persists in the nucleus as a stable minichromosome associated with host cellular histone 

and non-histone proteins (Nassal, 2015). This episomal minichromosome is under the regulation 

of several host transcription factors  chromatin-modifying enzymes, host repair enzymes and 

viral proteins (Singh et al., 2021). As a hepatotropic virus, cccDNA contains binding sites for 

liver-specific and ubiquitous transcription factors (Quasdorff and Protzer, 2010). All these factors 

play an intricate role in the epigenetic regulation, synthesis, stabilisation and transcription of 

viral cccDNA. cccDNA contains three to six predicted CpG islands (Table 1.1), with 

conventional CpG islands (I, II, III) observed in the majority of HBV genotypes, while novel 

CpG islands (IV, V) tend to vary among these genotypes. Among the ten genotypes of HBV (A-

J), genotypes C, F, G, H and J contain two CpG islands while genotypes of A, B, D, E contain 

three CpG islands (Zhang et al., 2013). Novel CpG islands IV is found within genotypes A, B, C, 

D, H and F but is seldom in genotypes G, H, and I (Table 1.1). The first CpG island (CpG I) 

overlaps the ATG start site of the small HBsAg gene, CpG II overlaps the enhancer I and II, HBx 

gene promoter and the core promoter. CpG III spans the ATG start site of polymerase gene and 

the Sp1 promoter (Figure 1.3) (Vivekanandan et al., 2008, Kaur et al., 2010). CpG islands are 

positioned strategically in regulatory domains within the genome  making these CpG islands 

ideal target sites for DNA methylation (Jain et al., 2015). This implies that epigenetic 

modifications of the HBV genome by DNA methylation may influence viral replication and 

persistence of infection thereby making it a potential novel approach to target HBV (Jain et al., 

2015, Kim et al., 2011). 
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Table 1.1:Global geographic distribution of HBV genotypes with corresponding CpG islands 

including the 3 conventional and novel CpG islands (Nguyen et al., 2020, Chen et al., 2018) 

 

 

 

 

 

 

 

 

Genotype Country CpG islands 

  1 2 3 Novel 

A India, Sub-Saharan Africa, Western Africa,  

Northwest Europe, North America 

✓ ✓ ✓ IV, VI 

B Asia,  Greenland, Northern Canada ✓ ✓ ✓ IV, V, 

VI 

C Asia, Australia − ✓ ✓ IV, V, 

VI 

D Europe,  Africa, India, Mediterranean countries ✓ ✓ ✓ IV, V 

E West African ✓ ✓ ✓ IV 

F  South and central  America − ✓ ✓ V, IV 

G France, Italy ,United Kingdom Germany, America − ✓ ✓ − 

H Central America − ✓ ✓ IV, V 

I Vietnam ✓ ✓ ✓ − 

J Japan − ✓ ✓ − 
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Figure 1.3: Schematic representation of the ORFs in the HBV genome with predicted CpG 

islands. Representation of HBV in the linear configuration with the S, C, P and X ORFs, the 

main regulatory elements, and enhancers I and II, the four promoters, pre-S1, pre-S2 and X 

promoters and the basic core promoter (BCP) and the three predicted CpG islands (CpG I, II and 

III). The positions of the CpG islands are indicated in the above genome. Nucleotide numbering 

is based on the EcoRI restriction site as position 1 (Adapted from (Hong et al., 2017)). 
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1.6.2 DNA methylation of HBV  

Epigenetic modification of the HBV genome by methylation influences transcriptional regulation 

of viral mRNA and replication (Kim et al., 2011). CpG islands and the rate of methylation on 

cccDNA vary across different genotypes and are associated with viral transcriptional repression 

(Kaur et al., 2010).  

Methylation of CpG II and III is highly conserved among different genotypes and is associated 

with lower levels of HBsAg and viraemia(Vivekanandan et al., 2008, Jain et al., 2015, Zhang et 

al., 2014). Additionally, hypermethylation of CpG II correlates with reduced levels of HBsAg 

and HBeAg(Vivekanandan et al., 2008, Guo et al., 2009). In contrast, methylation of CpG I 

appears to be rare and varies among genotypes (Zhang et al., 2014). HBeAg-negative patients 

who test negative for HBsAg but have persistent HBV DNA in the liver have significantly 

greater methylation of CpG II (Guo et al., 2009). Subsequent studies validated these results and 

further demonstrated a lower frequency of methylation of CpG I, while other studies confirmed 

an association between CpG I methylation and HBV replication(Vivekanandan et al., 2008, Jain 

et al., 2015). Furthermore, the state of disease progression impacts the methylation of CpG 

islands, with higher levels of HBV cccDNA methylation in CpG II and III observed in HCC 

tissues compared to cirrhotic and infected tissues(Vivekanandan et al., 2008, Guo et al., 2009, 

Jain et al., 2015). Since cccDNA function depends on its epigenetic modification, suppression 

through these mechanisms is a feasible strategy for treating CHB (Hong et al., 2017). 

1.7 Potential of epigenome editing 

Epigenome editing exploits the epigenetic enzymes of DNMTs, histone lysine methyltransferases 

(KMTs), histone acetyltransferases (HATs), demethylases and chromatin-remodelling complexes 

for the precise de novo placement or removal of epigenetic marks at specific target sites to 

facilitate or inhibit gene expression. Epigenome modifiers use epigenetic effector domains, 

which could constitute several epigenetic enzymes for targeted epigenome editing, fused to a 

programmable DNA binding domain (DBD) engineered to target any endogenous DNA sequence  

(Kungulovski and Jeltsch, 2016, Gilbert et al., 2014) (Figure 1.4). The novelty of epigenome 

modifiers lies in their ability to achieve targeted transcriptional repression or activation of gene 

expression with potentially long-lasting effects depending on type of effector domain utilised 
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(Stolzenburg et al., 2016, Kungulovski and Jeltsch, 2016). The efficacy of epigenome editing is 

dependent on both the epigenetic effector and DBDs. Epigenome editing offers targeted 

regulation of gene expression by inhibiting both alleles of a gene, making it a powerful tool for 

precise epigenetic control. One significant advantage is that certain epigenetic marks can be 

inherited, which reduces the need for repeated administrations (Van Der Gun et al., 2013). 

Furthermore, epigenome editing generally results in fewer adverse effects compared to 

nucleases, as it does not alter the host DNA sequence and the modifications can be reversible 

(Gilbert et al., 2014). Additionally, once established, the modified chromatin is stably maintained 

by the cell's endogenous machinery during cell division, ensuring long-term effects (Goell and 

Hilton, 2021). 

 

 

 

 

Figure 1.4:Overview of epigenome editing.  Epigenome modifier platforms typically consist of 

a DNA binding domain (DBD) fused to effector domains such as DNMTs or the KRAB domain. 

The DBD allows for precise targeting of specific genomic sequences. The KRAB domain 

facilitates the recruitment of heterochromatin-forming complexes and co-repressors, while the 

DNMT domain catalyzes DNA methylation. This modification leads to changes in DNA 

conformation, resulting in a closed, condensed state that prevents transcription factors and RNA 

polymerase binding thereby inhibiting transcription. Thus, epigenome modifiers can regulate 

gene expression by altering chromatin structure. 

 

Epigenome editing 
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1.7.1 Effector domains  

Epigenome-modifying effectors are composed of domains of epigenetic enzymes involved in 

PTMs of DNA and histone proteins and can be classified as transcriptional repressors or 

activators. Transcriptional repressors trigger gene silencing by mediating recruitment of 

heterochromatin forming complexes that elicit steric hindrance, preventing the binding of 

transcription factors and RNA polymerase binding and elongation (Klose and Bird, 2006). The 

most commonly used repressors domains have been sourced from DNMTs, the Krüppel-

associated box (KRAB) domain, KMTs, histone lysine demethylases (KDMs), and HDACs 

while Mxi1 and the mSin interaction domain (SID) are less commonly used (Singh et al., 2021). 

Transcriptional activators induce activation of genes and consists of the herpes simplex virus 

protein VP16 and the p65 subunit of the human NF-κB complex (Liu et al., 2001). Epigenome-

modifying enzymes can be further subdivided based on how they function, catalytically active 

effectors such as DNMTs, have enzymatic activity while  scaffolding effectors such as VP16 are 

catalytically inactive and function by triggering recruitment of cofactors (Hall and Struhl, 2002).   

1.7.2 Programmable DBDs  

Most epigenome-modifying enzymes with the exception of a few enzymes such as PR/SET 

Domain 9 (Prdm9) do not have a DBD and hence lack genome sequence-binding specificity. 

Rather, their target specificity is reliant on the various recruited transcription factors with which 

they form complexes with to control gene expression. Hundreds to thousands of transcription 

factors  bind multiple target sequences and therefore control of gene expression is difficult to 

regulate (de Groote et al., 2012). Therefore, epigenetic modifiers employ programmable DBDs 

to guide the epigenetic effector to target DNA sequences increasing sequence specificity of gene 

activation or repression. Commonly used DBDs include ZFPs, TALEs and dCRISPR/Cas (Table 

1.2), the use of these DBDs have been reported to induce transcriptional activation and 

repression (Zhao et al., 2013, Mlambo et al., 2018, Gilbert et al., 2014).  

Selecting programmable DBDs offers unique advantages and disadvantages related to off-target 

and on-target effects, specificity, ease of use, and cost (Table 1.2). The same is true for the 

selection of the epigenetic effector domain as heritability of silencing and temporal stability are 

crucial considerations (Kungulovski et al., 2015, Kungulovski and Jeltsch, 2016). Nonetheless, 
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sequence-specific gene silencing with the use of epigenome modifiers provides a substitute to the 

conventional methods of nuclease mediated therapies and gene repression using RNAi.  

 

 Table 1.2: Comparison of DNA binding domains, Zinc Fingers, TALEs and CRISPR for 

epigenome editing. 

 

 

 

 Zinc fingers TALEs CRISPR/dCas 

Type of recognition Protein-DNA Protein-DNA RNA-DNA 

Components Zinc finger 

domain, 

TALE repeats sgRNAs and Cas 9 

Target site 

restriction 

G-rich regions Starts with T and ends 

with A 

Requirement of PAM 

sequence at the end of 

each target site 

Off-target High Low Variable to high 

Multiplexing Difficult Difficult Possible 

Customisability Low Low Easy 

Target length 9-36 bp 30-40 bp 20-22 bp 

Cloning Necessary Necessary Not Necessary 

Target specificity Low High High 

Affordability High, resource and 

time consuming 

Affordable but time 

consuming 

Affordable and rapid 

 

Major advantage Small size 

facilitating easy 

packaging. 

High specificity 

recognising 1 bp 

To target a new 

sequence, the only 

sgRNA needs to be 

redesigned 

Major limitation Requirement of a 

linker sequence for 

fusion pf modules. 

Redesign TALE 

sequence for new target 

and difficulty binding 

methylated DNA 

Use of Cas protein 

(large protein) making 

packaging and 

delivery difficult. 

Stability of sgRNA 
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1.7.3 Epigenome modifiers targeting HBV  

The first epigenome modifier was generated by joining six ZF-DBDs fused to a KRAB 

repression domain. This epigenome modifier targeted viral X or enhancer I (EnhI) sequences 

achieving gene silencing of HBV. Significant repression of HBx gene transcription was achieved 

in both reporter cell line and Hep3B cell line harbouring integrated HBV DNA, although cellular 

growth arrest was observed (Zhao et al., 2013). Building on this, Luo et al., using a similar 

approach designed an artificial transcription factor (ATF) targeting a different sequence within 

EnhI. In this study authors reported improved inhibition of viral transcription and replication of 

HBc, HBx, HBeAg protein, and viral progeny in HepG2.2.15 cells and HBV transgenic mice, 

without affecting cell growth or inducing observable toxicity (Luo et al., 2018). These initial 

studies showed the antiviral potential of epigenome modifiers. Substituting the repressor domain 

with a DNMT to achieve targeted methylation of viral DNA was initially reported in a study that 

fused C-terminal region of the DNMT3A to a six-finger ZF (XPDnmt3aC). The XPDnmt3aC 

targeted the overlapping region between the HBx promoter and CpG II. Evaluations in HepG2 

cells and HBV transgenic mice achieved de novo methylation and led to a significant decrease in 

viral particle production and reduced the expression of viral replication markers (Core mRNA, 

HBsAg and HBx proteins) (Xirong et al., 2014).  

Furthermore, targeted epigenetic editing of HBV has recently been reported with use of 

engineered TALEs in conjunction with the KRAB repressor domain
 
(rTALEs) (Bloom et al., 

2019). rTALEs, SPL and SPR targeted the S ORF and was evaluated in both in vitro and in vivo 

models. Significant inhibition of viral replication, mRNA, HBsAg and circulating viral particle 

equivalents (VPEs) was observed without toxicity; furthermore, increased methylation of 

intrahepatic HBV DNA at CpG island II was achieved. The specificity of the rTALEs was 

improved by inclusion of a liver-specific mouse modified murine transthyretin receptor (MTTR) 

promoter. Despite overwhelming application of CRISPR/Cas utilised as a nuclease, studies using 

CRISPR interference or deactivated Cas9 fusions platforms for epigenome editing of HBV have 

been yet to be demonstrated (Larson et al., 2013). DNMT domains fused to dCas9 DNA has 

shown great promise in other disease models (Whittaker et al., 2023, Nuñez et al., 2021). Given 

the success in these studies, targeted epigenome silencing of HBV represents a therapeutic means 

by which to modulate viral replication which can be used as a potential treatment for CHB.  
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1.8 Therapeutic potential of designer epigenome modifiers (DEMs) 

platform 

Mlambo et al.. established a novel platform called the Designer Epigenome Modifier (DEM), 

which combines the effector domains KRAB and DNMT (specifically DNMT3a and DNMT3L) 

with the TALE DNA-binding domain (TALE-DBD) to target the HIV CCR5 or CXCR4 genes 

(Mlambo et al., 2018). These genes are crucial for the early stages of HIV infection, with both 

CCR5 and CXCR4 being a coreceptor essential for viral entry into cells. DEMs were able to 

achieve robust and sustained repression of these genes. In a short-term study, both CCR5 

transcript and protein levels were reduced, and CXCR4 receptors in T lymphocytes were 

effectively silenced. This repression increased over time and was maintained throughout the 18-

day investigation, proving resistant to cell division and metabolic activation. 

The study also demonstrated target specificity, with enhanced methylation occurring at on-target 

sites and negligible off-target methylation caused by DEMs. In contrast, control constructs 

lacking the KRAB domain and containing a catalytically inactive DNMT3A domain, referred to 

as inactive DEMs (dead DEMs/dDEMs), did not achieve any repression, this effect was also 

observed with constructs which had the KRAB domain excluded (DMT) highlighting the 

efficacy of the all-in-one architecture of DEMs for targeted gene silencing. Additionally, Mlambo 

et al., utilised DEMs expressed as in vitro transcribed (IVTed) mRNA to target a GFP reporter 

gene, which resulted in significantly greater repression compared to DNA-based constructs. This 

significant improvement in silencing of the GFP gene highlights the considerable potential of 

using mRNA-expressed therapeutics (Mlambo et al., 2018). 

The success of IVTed mRNA in this study highlights the potential of mRNA-based platforms.  

This versatile platform has been utilised in various therapies, such as immunotherapy, cell 

reprogramming, CAR T-cell therapy, regenerative medicine, and gene editing, demonstrating its 

effectiveness across multiple fields (Qin et al., 2022). Due to renewed interest and advances, 

IVTed mRNA platforms have shown remarkable potential not only in gene silencing but also in 

developing therapeutic interventions. 
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1.9 Applications of mRNA Technology 

Several critical discoveries have led to improved efficacy, stability, and immunogenicity of 

mRNA since its discovery, resulting in the establishment of synthetic mRNA as a viable 

technology/platform (Brenner et al., 1961, Jirikowski et al., 1992). More recently, the emergence 

of Severe Acute Respiratory Syndrome Coronavirus 2 virus (SARS-CoV-2) at the end of 2019 

has led to the accelerated development and FDA approval of the first two mRNA-based vaccines, 

BNT162b2 (BioNTech) and mRNA-1273 (Moderna) (Polack et al., 2020, Baden et al., 2021).  

IVTed mRNA offers several significant advantages over DNA and protein substitution for 

intracellular gene expression. One major benefit is that mRNA-based therapeutics generally 

present a better safety profile compared to DNA, as there is a lower risk of integration into the 

host genome, thereby reducing the likelihood of carcinogenesis and mutagenesis (Schlaeger et 

al., 2015, Wu et al., 2022). Additionally, mRNA does not require a nuclear localisation sequence 

since it does not need to enter the nucleus to be functional; this makes it effective in both mitotic 

and non-mitotic cells (Zhong et al., 2018) . Furthermore, because mRNA is transported directly 

to the cytoplasm, it can be translated into protein more rapidly than DNA. Moreover, mRNA can 

be administered repeatedly via intravenous injection, facilitating easier and more flexible dosing 

(Zhong et al., 2018). IVTed mRNA can be manufactured in a cell-free system, which is both 

scalable and cost-effective, allowing for easy standardisation (Meng et al., 2017). Finally, the 

immunogenicity of mRNA can be modulated through chemical modifications and purification, 

which enhances its stability and expression, as discussed in detail later in the thesis. 

Synthetic mRNA can be produced through IVT, an enzymatic reaction that uses bacteriophage 

RNA polymerase T7, SP6 or T3 to catalyse the synthesis of RNA from the corresponding DNA 

template (Milligan and Uhlenbeck, 1989, Melton et al., 1984, Dunn et al., 1972). The DNA 

template to be transcribed requires a 5' untranslated region (UTR), an open reading frame (ORF) 

encoding the sequence of interest, a 3' UTR and a poly (T) track. These elements along with 5' 

cap structure constitutes the  structural elements of a functional mRNA (Ely et al., 2021, Zhong 

et al., 2018) (Figure 1.5).  The reaction takes a few hours, and a 5’ cap analogue can be included 

during IVT or added enzymatically afterward. This process can generate milligrams of mRNA in 

a single reaction (Baronti et al., 2018). The resulting mRNA produced resembles fully processed 
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mature mRNA molecules found in eukaryotic cells (Ely et al., 2021, Zhong et al., 2018) (Figure 

1.5). 

 

 

 

Figure 1.5: Representative scheme of in vitro transcribed (IVTed) mRNA.  The general 

structure of IVTed mRNA consists of the essential elements, 5' cap, 5' untranslated region 

(UTR), open reading frame (ORF) encoding the sequence to be transcribed, 3' UTR and a poly 

(A) tail sequence. The mRNA also contains start and stop codons that are crucial for the 

initiation and termination of translation (Adapted from (Zhang et al., 2023)) 
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1.10 Essential structural elements required for functional IVTed mRNA 

1.10.1 ORF: Coding region 

Eukaryotic genes consist of multiple introns and exons. Introns are removed during the intricate 

and complicated process of splicing to generate a complete mRNA which can be used for protein 

translation. In IVT, the ORF encodes the sequence of interest to be translated. The ORF is 

situated between the two UTRs and consists of a continuous sequence of codons. It typically 

begins with the start codon AUG (Sieber et al., 2018) and ends with a stop codon, which can be 

UAA, UAG, or UGA. A single stop codon, or a combination of these, can be incorporated at the 

end of the ORF (Xia, 2021).  

Translation is initiated at the start codon and is terminated by the stop codon/s. The ORF is 

generally codon optimised to enhance protein expression and improve translational efficiency. 

Codon optimisation involves using codons recognised by abundant tRNAs. The selection of 

codons for optimisation is based on their association with the availability and frequency of 

tRNAs. Replacing rare codons with more frequent synonymous codons can influence translation 

elongation rates and mRNA secondary structure, thereby affecting mRNA stability, post-

transcriptional regulation, translation efficiency, and protein folding (Pop et al., 2014, Yu et al., 

2015, Gaspar et al., 2013). While codon optimisation can be beneficial, it may sometimes have 

detrimental effects. This is because it can disrupt natural codon usage patterns, which are 

optimised to regulate co-translational processes and the speed of translation (Pop et al., 2014, Yu 

et al., 2015). Rare codons play a crucial role in forming mRNA secondary structures and 

regulating translation elongation rates (Gaspar et al., 2013). Replacing these rare codons might 

affect mRNA regulation and stability, as well as alter protein folding as rare codons are 

associated with slower translation elongation, which is required to allow for important 

interactions with chaperone proteins. Therefore, although codon optimisation can enhance 

mRNA stability and improve protein expression, careful consideration is required to avoid 

potential adverse effects on the protein produced.  
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1.10.2 Poly(A) tail  

mRNA contains a poly(A) tail, which consists of a sequence of repeating adenine residues at the 

3' end, and is characteristic of mature mRNA, facilitating translation and stability. This sequence 

is responsible for ensuring nuclear export, recruitment of translation initiation factors and 

improves the half-life of mRNA (Jalkanen et al., 2014). The poly(A) tail contains crucial binding 

sites for poly (A) binding proteins (PABPs). Binding of PABPs to the poly(A) tail results in the 

recruitment of the large scaffold protein complex eIF4G which is comprised of eIF4A (RNA 

helicase) and eIF4E (cap-binding protein) increasing the affinity for mRNA cap (Gallie, 1998).  

The synergistic effect of the poly(A) tail and cap of mRNA circularise the mRNA by forming a 

cap/PABP/eIF4E-eIF4G-PABP-poly(A) complex. This closed loop structure improves binding 

and recycling of ribosomes and protect mRNA from degradation (Gallie, 1998, Newbury, 2006). 

A sufficiently long poly(A) tail is necessary for circularisation of the mRNA as physical 

interactions between the poly(A) tail and the cap is required to maintain mRNA stability (Lima et 

al., 2017). The length of the poly(A) tail influences mRNA half-life, stability, and subsequent 

protein translation. A tail length of approximately 120 nucleotides is considered optimal 

(Holtkamp et al., 2006, Park et al., 2016) and a minimum length of 30 nucleotides is required for 

mRNA stability (Lima et al., 2017), whereas shortening of the poly(A) sequence initiates RNA 

degradation. Once, the poly(A) sequence has shortened to less than 12 nucleotides, mRNA 

degradation occurs through de-capping enzymes, 5’-3’ exonucleases and de-adenylating enzymes 

occurring in the P-body sites in the cytoplasm (Newbury, 2006).  

The poly(A) tail can be incorporated co-transcriptionally or post-transcriptionally.  Co-

transcriptional incorporation involves the inclusion of a poly(A) sequence into the design of 

DNA template or can be added post-transcriptionally through enzymatic polyadenylation, 

whereby incorporation or extension of tail sequence to the 3' end occurs using poly(A)-

polymerase. Enzymatic polyadenylation is variable and leads to the generation of a mixture of 

polyadenylated mRNA with varying lengths (Holtkamp et al., 2006). Furthermore, enzymatic 

polyadenylation, while effective, adds an extra step to the manufacturing process, thereby 

increases the overall cost and complexity of large-scale production. Synthetic mRNA with a 

known homogeneous poly(A) tail length can be produced by encoding a poly(A) tract in the 

DNA template. However, DNA templates containing these poly(A) tract sequences have been 
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reported to have stability issues (Grier et al., 2016). To address this instability problem, 

segmented poly(A)-tails have been recently explored. This approach involves introducing a short 

linker within the poly(A) track to enhance stability (Trepotec et al., 2019). Overall, DNA 

template encoding a poly(A) track is the preferred approach to generate mRNA with a well-

defined poly(A) tail length.  

1.10.3 Untranslated regions (UTRs) 

UTRs are non-coding elements located at the 5' and 3' ends of synthetic mRNA, flanking the 

coding region and thereby mimicking mature eukaryotic mRNA. The length, sequence, and 

secondary structures of UTRs are critical for regulating mRNA translation. UTRs are involved in 

mRNA transport from the nucleus to the cytosol (Asrani et al., 2018), inhibition of decapping 

and degradation, assembly of the translational machinery (Leppek et al., 2018), the regulation of 

translation (Suknuntha et al., 2018), and enhancement of mRNA stability (Asrani et al., 2018). 

The 5' UTR comprises the Kozak sequence (GCCGCCRCCATGG) located immediately 

upstream of the translation start site and crucial in the initiation of translation of the ORF 

(Kozak, 1986). The length of the 5'-UTR is a critical parameter because it contains binding sites 

for regulatory proteins and is essential for cap-dependent translation, which is common in most 

organisms. This process relies on the protein preinitiation complex, which scans the 5'-UTR until 

it finds the AUG start codon. The recognition of this codon initiates the formation of the 80S 

initiation complex, where the 60S ribosomal subunit joins the 40S subunit, and protein synthesis 

begins (Hinnebusch and Lorsch, 2012). Alternatively, 5' UTRs containing internal ribosome 

entry site (IRES) elements allow for cap-independent translation initiation (Huez et al., 1998).  

The 3' UTR, located immediately after the stop codon, includes several regulatory elements such 

as microRNA response elements (MREs), which inhibit translation or stimulate mRNA 

degradation, iron-responsive elements (IREs), and adenylate-uridylate (AU)-rich elements 

(AREs). These elements impact mRNA stability, degradation, and translation by influencing how 

the mRNA is processed and degraded. AREs, in particular, act as decay signals within the 3' 

UTR, promoting the removal of the poly(A) tail and leading to rapid mRNA decay and reduced 

protein production (Ryan et al., 2018, Klausner et al., 1993, Chen and Shyu, 1995). Replacing 

ARE sequences in the 3' UTR can increase mRNA half-life, while UTRs enriched with CG 

sequences often exhibit enhanced stability and translation efficiency (Suknuntha et al., 2018, 
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Sergeeva et al., 2016). UTR sequences derived from human α- and β-globin genes naturally 

confer higher levels of stability and translation, making them frequently used to enhance the 

stability and translation of IVTed mRNA. Additionally, arranging two human β-globin 3' UTRs 

in a head-to-tail orientation further improves the stability and translation efficiency of synthetic 

mRNA (Holtkamp et al., 2006, Adibzadeh et al., 2019).  

1.10.4 5' Cap structure  

Eukaryotic mRNAs feature a 5' cap structure, which is essential for their function. Bacteriophage 

RNA polymerases, however, do not naturally produce capped transcripts. Therefore, to mimic 

eukaryotic mRNA functionality, IVTed mRNA must be capped. This capping can be achieved 

either enzymatically or by including a cap analogue in the reaction  (Furuichi, 2014). The 5' cap 

plays several crucial roles, it facilitates ribosome recognition and recruitment, initiates 

translation, protects mRNA from degradation by preventing 5' to 3' exonuclease activity, 

stabilises mRNA by blocking its recognition by the innate immune system, and is involved in 

nuclear export (Evdokimova et al., 2001, Gingras et al., 1999, Gonatopoulos-Pournatzis and 

Cowling, 2014, Schoenberg, 2011). This cap structure is a modified nucleoside, N7-

methylguanosine (m7G), linked to the first nucleotide of the RNA via a reverse 5' to 5' 

triphosphate bond, referred to as Cap 0 (m7GpppN), which is the simplest form (Furuichi, 2014). 

Synthetic mRNA is capped either co-transcriptionally during IVT or post-transcriptionally 

through enzymatic reactions (Henderson et al., 2021, Martin and Moss, 1975) (Figure 1.6). In 

mammals, mRNA undergoes 2'-O-methylation at the 2' position of the ribose ring of the first or 

second nucleotide, resulting in three cap conformations: Cap 0 (m7GpppN), Cap 1 (m7GpppNm, 

with methylation on the first adjacent nucleotide), and Cap 2 (m7GpppNmNm, with methylation 

on the first two nucleotides) (Figure 1.6). While Cap 0 is sufficient for initiating translation, Cap 

1 and Cap 2 have been shown to enhance protein production (Furuichi, 2014, Sikorski et al., 

2020). 
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1.10.5 Co-transcriptional capping  

Co-transcriptional capping involves the incorporation of cap analogue (m7GpppG) during IVT 

allowing capping and IVT to occur in a single reaction. During IVT, RNA polymerases initiate 

transcription with a guanosine, thus first-generation cap (m7GpppG) competes with GTP, which 

acts as the initiator nucleotide to be included as the first nucleotide in the new transcript. This 

produces both capped and uncapped mRNA, with a 5' triphosphate, resulting in variable capping 

efficiency and reproducibility (Henderson et al., 2021, Kocmik et al., 2018). The 5' triphosphate 

of uncapped mRNA stimulates the immune response producing unwanted effects. Additionally, 

use of the m7GpppG cap analogue can produce reverse capped mRNA as both guanosine 

residues of the Cap (m7GpppG) have a 3'-OH group and RNA polymerisation may start from 

either guanosine residue of this cap analogue. This can yield up to half of the mRNA 

accommodating the cap structure in the undesired direction which inhibits the mRNA recognition 

by eIF4e and binding with the cap binding complex, subsequently resulting in poor translation. 

Additionally, the presence of a reverse cap appears to exert an inhibitory effect on the translation 

process (Ely et al., 2021, Kocmik et al., 2018).  

To address the limitations of earlier cap structure, second-generation cap analogues known as 

Anti-Reverse Cap Analogues (ARCAs) were developed. These analogues are modified at the 3'-

OH group of the m7GpppG structure, replacing it with either a 3'-O-methyl group (m7(3'-O-

methyl)GpppG) or a 3'-deoxy group (m7(3'-deoxy)GpppG) (Stepinski et al., 2001) (Figure 1.6). 

This modification prevents the elongation of the transcript at the 3'-O-methyl or 3'-deoxy group, 

thus avoiding the incorporation of the ARCA analogue in the reverse orientation (Stepinski et al., 

2001). Despite this advancement, ARCA cap analogues are limited to producing only Cap 0 

mRNA. Additionally, because ARCA lacks the 2'-O-methylation found in Cap 1 and Cap 2, the 

stability of ARCA mRNA is reduced compared to mRNA with 2'-O-methylation, making it more 

susceptible to degradation by exonucleases (Kocmik et al., 2018, Picard-Jean et al., 2018).  

TriLink Biotechnologies uses third-generation cap analogues, known as CleanCap®, which 

mimic the natural Cap 1 and Cap 2 structures. These CleanCap® analogues facilitate the co-

transcriptional incorporation of the Cap 1 structure during IVT(Henderson et al., 2021). 

CleanCap® analogues are trinucleotides, in contrast to the dinucleotide analogues used in the 

first and second generations. CleanCap® analogues, such as CleanCap® AG and CleanCap® 
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AU, feature 2'-O-methylation on the first nucleotide. The 'AG' and 'AU' descriptors refer to the 

specific nucleotides incorporated into the mRNA following the cap structure. These cap 

structures significantly enhance capping efficiency, achieving 90–99% compared to the 60–80% 

efficiency observed with conventional co-transcriptional capping methods, and also exhibit 

reduced immune stimulation (Henderson et al., 2021, Vlatkovic et al., 2022). CleanCap® 

trinucleotide cap analogues may introduce chemical or structural modifications that can affect 

RNA polymerase binding to the DNA template, potentially reducing transcription efficiency. To 

overcome this, a modified T7 promoter is required in the DNA template to optimise RNA 

polymerase binding and ensure efficient incorporation of the cap analogues during IVT. This 

modified promoter is specifically designed to recognise the trinucleotide cap sequence 

minimizing interference with RNA polymerase binding to the cap analogue sequence (Henderson 

et al., 2021). Co-transcriptional capping is favoured as it reduces the number of steps in the 

manufacturing of IVTed mRNA, decreases purification steps, manufacturing time and loss of 

IVTed mRNA and is easily scalable for large scale production. 

 



Chapter 1- Introduction 

31 

 

   

Figure 1.6: Schematic representation of co-transcriptionally capped mRNA cap structures.  

Chemical structures of mRNA produced co-transcriptionally during IVT transcription. (A) 

Standard Cap 0 structure represented by 7-methylguanosine connected to RNA by triphosphate 

bridge (indicated in red) facilitating translation initiation. (B) ARCA Cap characterised by the 

inclusion of a 3'-OH group on N7-methylguanosine, enhancing the mRNA's resistance to 

degradation. (C) Cap 1 mRNA characterised by addition of the 2'-O-methylation of the 2' 

position of the ribose ring of the first nucleotide (D) Cap 2 mRNA characterised by 2'-O-

methylation of the 2' position at the ribose of the second nucleotide. Cap 1 and Cap 2 increase 

mRNA stability, improves translation efficiency and evade the innate immune response.  

Differences between the cap structures are highlighted in pink (Adapted from (Singh et al., 

2024)) 

A B 

C 
D 
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1.10.6 Post-transcriptional capping  

Enzymatic capping is the second method used to incorporate a cap analogue into synthetic 

mRNA, and it involves adding the cap structure post-transcriptionally. This process involves first 

performing IVT in a single reaction. Following IVT, a separate enzymatic reaction is performed 

to further modify the nascent mRNA. This is done using Vaccinia Capping Enzyme (VCE) to 

add the Cap 0 structure. The VCE constitutes 5′-triphosphatase (TPase), guanylyltransferase 

(GTase) and methyltransferase (Mtase) activities (Kyrieleis et al., 2014) and is responsible of all 

three steps in the synthesis of capped IVTed mRNA (m7GpppRNA). Initially, a m7G cap is 

added to the 5' end of the IVTed mRNA by the VCE, resulting in Cap 0 mRNA(Martin and 

Moss, 1975). This Cap 0 structure features an unmodified ribose at the 2'-O position of the first 

nucleotide.  A separate enzyme, 2'-O-methyltransferase is required to convert Cap 0 mRNA to 

Cap 1 mRNA (Figure 1.7). The 2'-O-methyltransferase enzyme recognises the Cap 0 structure, 

binds to the mRNA, and facilitates the transfer of a methyl group from S-adenosyl methionine 

(SAM), which acts as the methyl donor to the 2'-O position of the ribose sugar of the first 

nucleotide, producing the Cap 1 mRNA(Kyrieleis et al., 2014).  A limitation of enzymatic 

capping is the requirement of IVTed and purified RNA before a separate enzymatic reaction is 

performed to add the cap which increases the risk of mRNA loss and raises the cost due to 

additional purification steps. However, the advantage of post-transcriptional enzymatic capping 

is that it can achieve nearly 100% capping efficiency (Xu et al., 2020). 
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Figure 1.7: Schematic representation of mRNA cap structures produced post-

transcriptionally.  (A-B) Chemical structures of mRNA Cap 0 and Cap 1 produced post-

transcriptionally using the Vaccinia Capping System and 2′-O-Methyltransferase. (A) IVT 

mRNA, Vaccinia capping enzyme, and GTP are required to produce Cap 0 mRNA. During the 

capping process, a single phosphate is removed from the first nucleotide of the mRNA, allowing 

GTP to be added, followed by methylation to form Cap 0. (B) IVT mRNA Cap 0, 2′-O-

Methyltransferase, and S-adenosylmethionine (SAM) are required to produce Cap 1 mRNA. The 

2′-O-Methyltransferase transfers a methyl group from SAM to the 2′-O of the ribose ring of the 

first nucleotide, resulting in the formation of Cap 1 mRNA (Adapted from (Singh et al., 2024)) 

.  

  

A B 
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1.11 Strategies to enhance mRNA stability, protein translation, and 

minimise immunogenicity 

1.11.1 Immunogenicity of IVTed mRNA 

Synthetic mRNA is inherently immune-stimulatory, triggering various innate immune pathways 

that lead to the production of inflammatory cytokines and inhibition of translation. Host-encoded 

pattern recognition receptors (PRRs) on antigen-presenting cells and other immune cells, 

recognise exogenous mRNA, leading to innate immune activation and inhibition of protein 

expression (Lee et al., 2019). PRRs are classified into endosomal and cytoplasmic. Endosomal 

PRRs primarily comprise Toll-like receptors (TLRs), transmembrane proteins found on the 

endosomal compartment or on plasma membrane of immune cells. Viral RNAs and IVTed 

mRNAs activate several TLRs (He et al., 2011). Cytoplasmic PRRs also known as cytoplasmic 

RNA sensors consist of retinoic acid-inducible gene-I-like (RIG-I-like) receptors (RLRs), 

melanoma differentiation-associated protein 5 (MDA5), nucleotide oligomerisation domain 

(NOD)-like receptors (NLRs), double stranded RNA-dependent protein kinase (PKR), 

oligoadenylate synthetase (OAS) receptors, and laboratory of genetics and physiology 2 (LGP2; 

also known as DHX58) (Chan and Jin, 2022). Non-self-molecules including synthetic mRNA are 

recognised by PRRs based on the molecular structures rather than any specific sequence of the 

nucleic acids or proteins. Ligand-bound PRRs induce type I interferons (IFN-α or IFN-β) and 

nuclear factor kappa B (NF-κB) signalling pathways, which modulate and direct both innate and 

adaptive immunity (Nelson et al., 2020). 

1.11.1.1 Endosomal PRRs 

TLRs are expressed on immune cells such as dendritic cells and macrophages. Of the ten known 

TLRs, four recognise nucleic acids, TLR7 and TLR8 recognise single-stranded RNA (ssRNA), 

TLR3 recognises double-stranded RNA (dsRNA), and TLR9 recognises unmethylated CpG 

DNA (He et al., 2011). More specifically, TLR8 responses to GU-rich ssRNA and to RNA 

degradation by-products whereas TLR7 has shown to be activated by AU-rich RNA strands 

(Forsbach et al., 2008). Activation of TLRs by RNA induces an intracellular signalling cascade 

resulting in the type I interferon  production and pro-inflammatory cytokines (Fang et al., 2022). 

Upon secretion of interferons (IFNs),  other inflammatory cytokines RNA degrading enzymes 
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such as OAS and RNase L and a variety of interferon stimulated genes (ISGs) are upregulated 

which inhibits translation and promotes RNA degradation (Fang et al., 2022, Anderson et al., 

2011).  

1.11.1.2 Cytoplasmic PRRs 

RLRs, which include RIG-I and MDA5, detect dsRNAs and atypical RNA lacking a 5’ cap or 

poly(A) sequence in the cytoplasm. This detection initiates a downstream signalling cascade 

involving kinases, adaptors, and transcription factors, ultimately leading to the activation of IFN. 

RIG-I and MDA5 are able to distinguish between self RNA and non-self RNA (Chan and Jin, 

2022, Kato et al., 2008) and have substrate specificity. RIG-I detects dsRNA with minimal 

lengths of ~20 base pairs (bp) and these include 5′-diphosphate (5′-pp) or triphosphate (5′-ppp) 

dsRNA while MDA5 senses longer dsRNA molecules (normally >1000 bp) (Kato et al., 2008). 

NLRs are involved in regulating caspase-1 production, which is responsible for apoptosis. NLRs 

consists of NOD2 and NLRP3. NOD2 is crucial in sensing ssRNA whereas NLRP3 senses 

dsRNA resulting in the activation of IFN-I synthesis and production of proinflammatory 

cytokines (Kanneganti et al., 2006). Binding of IFN-I to IFN receptors of surrounding and 

activated cells results in the production of ISGF-3 that triggers the transcription of more than 300 

ISGs, OASs, RNA-specific adenosine deaminase (ADAR), and PKR. PKR binding to dsRNAs or 

ssRNA containing an exposed 5′-triphosphate, leads to the activation of NF-κB-mediated 

apoptosis. Activation of OAS by binding to dsRNA activates RNase L and  activated RNase L 

leads to degradation of cellular RNAs, additionally it causes global translational arrest 

(Nallagatla and Bevilacqua, 2008, Gil et al., 1999). 

1.11.2 Chemical modification of mRNA 

The reduced stability and high immunogenicity of IVTed mRNA impede its long-term 

therapeutic use. To address these issues and enhance translation efficacy, incorporating modified 

nucleosides into IVT mRNA is a widely utilised strategy. This approach improves stability, 

inhibits immunogenicity, and prevents degradation and clearance. Naturally RNA undergoes 

several types of post-transcriptional modification with hundreds of modified nucleotides 

identified to date. The innate immune system is complex with several receptors involved in the 

recognition of IVTed mRNA and modified nucleotides inhibit recognition by these receptors 
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(Nallagatla and Bevilacqua, 2008). By mimicking endogenous RNA modified nucleotides 

prevent the activation of immune system improving translation efficacy of IVT mRNA (Karikó 

et al., 2008). These modifications include, pseudouridine (ψ), N1-methylpseudouridine (m1ψ), 5-

methoxyuridine (5moU), 5-methyluridine (m5U), 2-thiouridine (s2U), 5-methylcytidine (m5C), 

N1-methyladenosine (m1A) and N6-methyladenosine (m6A) (Figure 1.8). During IVT, native 

nucleotides are replaced with the corresponding modified nucleotide. Native nucleotides can be 

partially substituted however this produces heterogeneous mRNA populations, thus for 

therapeutic purposes substitution of 100% of the native nucleotide has become standard practice.  

Use of ψ, s2U, m1ψ, 5moU and m5U is able to suppress TLR immune signalling effectively by 

hindering recognition (Karikó et al., 2005). Moreover, ψ, m1ψ, and s2U have been shown to 

limit PKR recognition and substitution of uridine with ψ protects RNA from inducing OAS and 

RNase L-mediated RNA cleavage (Nallagatla and Bevilacqua, 2008, Anderson et al., 2011). Use 

of ψ and its methylated analogue m1ψ significantly reduces immune and increase translation 

significantly in vitro and in vivo facilitating up to a ninefold increase in mRNA translation. 

Additionally, a 13-fold increase in translation was observed with m1ψ compared to other 

modified nucleotides (Andries et al., 2015, Anderson et al., 2011). dsRNA, a byproduct that 

occurs during the IVT reaction, is highly immunogenic and reported to be reduced when using ψ, 

m1ψ, or m5C, thereby improving the RNA purity (Mu et al., 2018). Incorporation of modified 

nucleotides is suggested to inhibit production of other immunogenic byproducts of IVT reactions 

besides dsRNA.  
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Figure 1.8: Chemical structures of modified nucleotides.  Modified nucleotides commonly 

used during in vitro transcription (IVT) of mRNA. The chemical groups that differ from four 

cognate nucleotides are highlighted in blue (Adapted from (Singh et al., 2024)).  
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1.11.3 Purification of mRNA 

After IVT, purification of the produced mRNA is necessary for the complete removal of 

contaminants. Besides the removal of unincorporated nucleotides (NTPs), enzymes, and buffer 

components, important sources of impurity include aberrant mRNAs such as short, aborted 

RNAs and dsRNA by-products. These impurities are highly immunostimulatory and can reduce 

translational efficiency, necessitating purification to produce high-quality mRNA(Milligan et al., 

1987, Karikó et al., 2011). Laboratory-based purification methods such as phenol/chloroform, 

lithium chloride (LiCl), alcohol based precipitation, and silica columns can efficiently remove 

free NTPs, and other small contaminants but do not allow for the removal of truncated RNA 

fragments, dsRNA, or DNA (Milligan et al., 1987, Karikó et al., 2011, Baiersdörfer et al., 2019). 

Chromatography-based techniques have proven to be effective at removal of these impurities. 

Tangential flow ultrafiltration and crossflow filtration have emerged as additional purification 

methods that can be used in conjunction with chromatography. Removal of impurities using 

these techniques decreases IVTed mRNA immunogenicity and enhances stability and translation 

of mRNA (Edelmann et al., 2014, Baiersdörfer et al., 2019, Karikó et al., 2011). 

1.12 Potential of anti-HBV DEM-based mRNA therapeutic 

Epigenome modifiers used to silence HBV have mainly focused on the use of ZF-DBDs (Zhao et 

al., 2013, Luo et al., 2018, Xirong et al., 2014) and only recently TALE-DBDs have been used to 

target HBV. TALE-DBDs have several advantages over the use of ZF-DBDs (Table 1.2) 

increasing their application. While CRISPR-DBDs (have been extensively used in various 

diseases and models, their application in HBV gene therapy have been limited. Additionally, 

previous epigenome modifiers targeting HBV have predominantly utilised a single repressor 

domain, such as KRAB or DNMT. Based on the observed enhanced efficacy of epigenome 

modifiers (DEMs) when combining KRAB and DNMT domains, DEMs targeting HBV using 

TALE-DBD were developed. These TALE domains, repurposed from existing nuclease 

technologies and targeting the S, C, and P (ORFs), are fused to both KRAB and active DNMT 

(DNMT3a and DNMT3L) or mutant DNMT domains were also generated (Figure1.9). To create 

the dDEMs the KRAB domain was removed, as mutating this domain does not eliminate its 

ability to recruit heterochromatin-forming complexes (Murphy et al., 2016). In contrast a single 

amino acid mutation within the catalytic site of the DNMT3A domain is sufficient to abolish its 
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activity (Mlambo et al., 2018). DEMs function by depositing specific epigenetic marks on DNA, 

primarily through methylation, which leads to transcriptional repression of regulatory regions by 

recruiting heterochromatin-forming complexes. This allows for precise targeting of the 

epigenome. Furthermore, the KRAB domain recruits heterochromatin-forming complexes, 

resulting in the condensation of DNA and making it inaccessible to transcription factors and 

DNA polymerase. An anti-HBV S DEM expressed from plasmid DNA was able to show reduced 

serum concentration of HBsAg by 90%, intrahepatic viral RNA by 98% and circulating viral 

particle equivalents (VPEs) by 76% in vivo. A concomitant 8-fold increase in methylation of 

CpG II was also observed (unpublished work by Dr Kristie Bloom). To further improve the 

transcriptional repression of existing anti-HBV DEMs, this research assessed the feasibility of 

expressing DEMs targeting HBV from the mRNA platform.  

Transcriptional repressors function by binding to target DNA sequences, which prevents the 

recruitment of transcription machinery and blocks the binding of RNA polymerases and 

activators. This inhibition alters DNA conformation, making it less accessible and leading to 

reduced transcription and viral load (Payankaulam et al., 2010, Lewis, 1996). However, the 

prolonged translation of epigenome modifiers from DNA constructs can lead to nonspecific off-

target effects, posing a significant challenge for therapeutic applications. Transient expression of 

epigenome modifiers from IVTed mRNA addresses this issue (Sahin et al., 2014). Since IVTed 

mRNA is present only for a short duration, it minimises the risk of nonspecific off-target effects. 

This transient expression enables faster protein production, more precise epigenome editing, and 

easy scalability. Although IVTed mRNA encoding epigenome modifiers has shown potential in 

transcriptional repression and in generating mouse models (Nuñez et al., 2021, Horii et al., 

2020), its therapeutic application targeting HBV has been limited. Therefore, this thesis explores 

the benefits of using IVTed mRNA for expressing epigenome modifiers, particularly for HBV 

therapy. 
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Figure 1.9: Schematic representation of active and inactive DEMs.  Structure of active and 

control DEMs constructs depicting a TALE DNA-binding domain comprising hemagglutinin tag 

(HA), nuclear location signal (NLS) fused to active DNMT and KRAB domains (top) or fused to 

inactive DNMT domain(bottom). The DNMT domain is composed of catalytically active 

(DNMT3A) or mutant (dDNMT3A) linked to DNMT3L which enhances the catalytic activity of 

the DNMTs (Modified and adapted from (Mlambo et al., 2018)). 

 

 

 

 

 

 



Chapter 1- Introduction 

41 

 

1.13 Aims and objectives 

Current treatments do not impact nor completely remove the cccDNA reservoir responsible for 

the persistence of HBV. Gene editing technologies target cccDNA directly and offer the 

possibility of eliminating this reservoir. However, a major concern with the use of designer 

nucleases is the potential for off-target cleavage resulting in genotoxicity. Altering or modifying 

cccDNA epigenetically by de novo methylation using DEMs is a safer and less genotoxic 

alternative to designer nucleases.  

The research aimed to evaluate anti-HBV DEMs expressed from mRNA platform to achieve 

permanent silencing of viral gene expression. This involved using a DEM consisting of repressor 

domains (KRAB and DNMT) combined with the TALE-DBD to facilitate targeted methylation 

of HBV CpG islands and the formation of heterochromatin complexes at the S, C, and P ORFs.  

Objectives of this study were:  

1. Generation of anti-HBV DEM mRNA expressing vectors 

2. In vitro transcription of active and dead DEM mRNA 

3. In vitro assessment of anti-HBV DEM RNA 

4. Formulation of anti-HBV RNA DEM into liposomes and hepatotropic delivery in vivo 

5. Assessment and evaluation of lipoplexed DEM RNA safety in mice 

6. In vivo assessment of anti-HBV DEM efficacy 

7. On- and off-target methylation analysis using MassArray technology and RNA sequencing 
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Chapter 2 

2. Methods and Materials 

2.1 Construction of an RNA expression platform (pmRNA) encoding 

transgene sequences  

2.1.1 Construction of anti-HBV DEM mRNA expression vectors 

Existing anti-HBV DNA DEMs utilise site-specific TALE-DBDs, repurposed from existing 

TALEN technology due to their high target specificity (Bloom et al., 2013). These DEMs target 

the S, C, and P ORFs of HBV fused to different epigenome effector domains, producing both 

control(dead) and active pCMV-DEMs (pCMV-dDEM and pCMV-DEM). Active DNA DEMs 

consist of TALE-DBD, KRAB and DNMT (DNMT3A + DNMT3L) domains, while inactive 

control DNA dDEMs consist of TALE-DBD and dDNMT (mutant DNMT3A + DNMT3L) 

(Figure 1.9). All the plasmids used in this study is described in (Appendix Table 5.1). All 

constructs were under the control of a CMV promoter (unpublished work by Dr Kristie Bloom). 

The TALE DBDs were designed as left and right pair monomers, with the right monomer 

(denoted as R) binding to the antisense strand  and the left monomer (denoted as L)  binding to 

the sense strand of designated target sequence (Bloom et al., 2013). The DEM mRNA expression 

plasmids were adapted from these CMV-driven DEM vectors. To generate active and inactive 

anti-HBV DEM mRNA expression vectors, the various DEM sequences were cloned into a 

pmRNA vector (pmRNA-pA), (Figure 2.1). This RNA expression vector contains a T7 promoter, 

5’ UTR (with Kozak sequence) and 3’ UTR (with poly (A) tract). These are all the essential 

elements required for IVT and intracellular translation. 

The six active and inactive pCMV-DEMs plasmids were first, individually double digested with 

XbaI and BamHI in the first set of separate reactions yielding a 2643 bp fragment representing 

the KRAB and TALE domain-encoding sequences for the active DEMs and a 2352 bp fragment 

representing the TALE domain-encoding sequence for the inactive dDEMs. In a second separate 

set of reactions, the inactive and active pCMV-DEMs plasmids were individually double 

digested with BamHI and ApaI to excise the active and inactive DNMT and dDNMT domain-
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encoding sequences yielding a 1642 bp fragment each. In a third reaction, pmRNA-pA was 

doubled digested with XbaI and ApaI to allow for ligation of inserts, producing 3737 bp fragment 

representing the RNA backbone. The digestion reactions were set up as follows, 1 µg of plasmid 

DNA, 1× buffer, 1 U of each respective enzyme, made to a total volume of 20 µl using double 

distilled water (ddH2O) and incubated at 37 °C for 2 hours. Digestion reactions were resolved on 

a 1 % agarose gel containing ethidium bromide (0.5 µg/ml) (Appendix 5.1) and imaged using 

Omega Fluor™ Gel Documentation System (Gel Company Inc., CA, USA). The expected bands 

were excised from the agarose gel and purified using the Qiagen MinElute Gel Extraction kit 

according to the manufacturer’s instructions (Qiagen, Hilden, Germany) (Appendix 5.2). The 

backbone DNA was treated with alkaline phosphatase to remove 5’ phosphates, 1 U of FastAP 

thermosensitive alkaline phosphatase (Thermo Scientific, CA, USA) according to the 

manufacturer’s instructions and incubated at 37 °C for 30 minutes. 

The KRAB and TALE domain-encoding sequences along with the active DNMT domain-

encoding sequence were subsequently ligated into pmRNA-pA in a 3-way ligation reaction 

producing the active pmRNA-DEMs. Whereas the TALE-encoding and inactive dDNMT 

domain-encoding sequences were ligated into pmRNA-pA in a 3-way ligation reaction producing 

inactive pmRNA-dDEMs. Ligation reactions were set up as follows, 1× ligation buffer, 2 U of 

T4 DNA ligase (Thermo Scientific, CA, USA) and ddH2O to a final volume of 20 µl and was 

incubated at 16 °C overnight. The ligation mixes for each respective active and inactive DEMs 

were used to transform 100 μl of competent bacteria (Appendix 5.3) and were plated on Luria-

Bertani agar plates containing ampicillin (100 μg/ml). Single colonies were selected and 

inoculated in Luria-Bertani medium supplemented with ampicillin (100 µg/ml), and cultures 

were incubated overnight at 37 °C. Plasmid DNA was extracted from bacterial cultures using 

EconoSpin™ All-in-One Spin Columns according to the manufacturer’s instructions (Epoch Life 

Sciences, MO, USA). The plasmids were screened using restriction digestion with XbaI and 

BamHI to confirm the KRAB and TALE domain-encoding sequences in the case of the active 

DEMs and only the TALE domain-encoding sequence in the case of the inactive pmRNA-DEMs. 

Restriction digestion using BamHI and ApaI was used to confirm presence of either the active or 

inactive DNMT domain-encoding sequence. Restriction digestion with XbaI and NheI was used 

to confirm the presence of KRAB domain in the active pmRNA-DEMs. Positive clones for the 

respective active pmRNA-DEM and inactive pmRNA-dDEM were prepared using the QIAGEN 
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Plasmid Maxi Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions 

(Appendix 5.4). Correct plasmids are hereafter referred to as active DEM (pmRNA -SR, -SL, -

CR, -CL, -PR and -PL DEM) or inactive dDEM (pmRNA -SR, -SL, -CR, -CL, -PR and -PL 

dDEM) plasmids. The pCMV-VAX TALEN and pmRNA-DEM plasmids were digested with 

BglI to confirm correct TALE-DBDs. Confirmation of poly(A) track in active DNA pmRNA-

DEMs was validated by standard Sanger sequencing (Inqaba Biotec, Pretoria, South Africa).
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Figure 2.1: A schematic illustrating the cloning strategy used to generate active and 

inactive pmRNA-DEM plasmids.  (A) Restriction digestion; the pmRNA-pA vector was 

digested with XbaI and ApaI to generate compatible ends for the ligation of the transgene 

sequences. In a second reaction active and inactive pCMV-DEM plasmids (pCMV-dDEM and 

pCMV-DEM) were individually double digested with XbaI and BamHI to produce a fragment 

containing the KRAB and TALE domain-encoding sequences for active DEMs, and TALE 

domain-encoding fragment for the inactive dDEMs. In a third reaction, pCMV-DEM plasmids 

were double digested with BamHI and ApaI to yield fragments containing the active DNMT and 

dDNMT domains. (B) Ligation, the KRAB and TALE domains along with active DNMT 

domains were ligated into pmRNA-pA to generate active pmRNA-DEMs, while the TALE and 

inactive dDNMT domains were ligated into pmRNA-pA to produce inactive pmRNA-dDEM
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2.1.2 Construction of pmRNA-GFP reporter plasmid for optimisation studies  

The pCMV-GFP plasmid was double digested with XbaI and ApaI to remove the eGFP-encoding 

sequence. The digestion reaction was set up as follows, 1 µg of plasmid DNA, 1× buffer, 1 U 

each respective enzyme, made to a total volume of 20 µl using ddH2O and incubated at 37 °C for 

2 hours. The digestion reaction was resolved on a 1 % agarose gel containing ethidium bromide 

(0.5 µg/ml) (Appendix 5.1) and imaged using Omega Fluor™ Gel Documentation System (Gel 

Company Inc., CA, USA). The expected fragment size of 727 bp was excised, purified using the 

Qiagen MinElute Gel Extraction kit (Qiagen, Hilden, Germany) (Appendix 5.2) and ligated into 

the pmRNA-pA expression vector digested with XbaI and ApaI (Section 2.1.1). The ligation 

mixes were used to transform 100 μl of competent cells (Appendix 5.3), and the transformed 

bacteria were plated on Luria-Bertani agar plates containing ampicillin (100 μg/ml) and 

incubated overnight at 37 °C. Single colonies were selected and inoculated in Luria-Bertani 

medium supplemented with ampicillin (100 µg/ml), and were incubated overnight at 37 °C. 

Plasmid DNA was extracted from bacterial cultures using EconoSpin
TM 

All-in-One Spin 

Columns (Epoch Life Sciences, MO, USA) according to the manufacturer’s instructions. The 

plasmid DNA was screened by enzyme restriction digestion with Alw44l and AvaII, and positive 

clone was prepared using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, Germany) according 

to the manufacturer’s instructions (Appendix 5.4). The correct plasmid is hereafter referred to as 

pmRNA-eGFP (Figure 2.2).  
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Figure 2.2: Schematic illustrating the cloning strategy used to generate pmRNA-GFP.  (A) 

Restriction digestion; in the first reaction, the pmRNA-pA vector was double-digested with XbaI 

and ApaI to generate compatible ends for the ligation of the eGFP transgene. Simultaneously, in 

a second reaction pCMV-eGFP plasmid was double-digested with XbaI and ApaI, resulting in 

the excision of a fragment containing the eGFP-encoding sequence. (B) Ligation; the eGFP 

fragment was ligated into the prepared pmRNA-pA producing pmRNA-eGFP plasmid. 
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2.1.3 Construction of pmRNA vectors expressing active anti-HBV DEMs lacking 

KRAB domain 

Active pmRNA-DEMs without the KRAB domain sequence was generated and termed pmRNA-

DEMΔKRAB (pmRNA- SR, CR and PL DEMΔKRAB) (Figure 2.3). pVAX-CMV-SR, -CR and 

-PL TALENs were double digested with XbaI and BamHI to excise the TALE sequence without 

the KRAB domain-encoding sequence. The digestion reaction was set up as follows, 1 µg of 

plasmid DNA, 1× buffer, 1 U each respective enzyme, made to a total volume of 20 µl using 

ddH2O and incubated at 37 °C for 2 hours. The restriction digestion reactions were resolved on a 

1 % agarose gel containing ethidium bromide (0.5 µg/ml). The expected fragment size of 2346 

bp representing the TALE sequence was extracted, purified using the Qiagen MinElute Gel 

Extraction kit (Qiagen, Hilden, Germany) (Appendix 5.2) and ligated into the pmRNA-pA 

backbone (Section 2.1.1) in a three-way ligation reaction along with the active DNMT domain-

encoding purified sequence (Section 2.1.1). The ligation mixes were used to transform 100 μl of 

competent cells (Appendix 5.3) and plated on Luria-Bertani agar plates containing ampicillin 

(100μg/ml) and incubated overnight at 37 °C. Single colonies were selected and inoculated in 

Luria-Bertani medium supplemented with ampicillin (100 µg/ml), cultures were incubated 

overnight at 37 °C. Plasmid DNA was extracted from bacterial cultures using EconoSpin
TM 

All-

in-One Spin Columns (Epoch Life Sciences, MO, USA) according to the manufacturer’s 

instructions. The plasmids DNA were screened by enzyme restriction digestion. Double 

digestion using XbaI & BamHI was used to confirm TALE domain-encoding sequences while 

digestion with BamHI & ApaI was used to confirm presence of active DNMT domain-encoding 

sequence and digestion with XbaI and NheI was used to confirm the absence of KRAB domain. 

Positive clones were prepared using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions (Appendix 5.4). 
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Figure 2.3: A schematic illustrating the cloning strategy used to generate active pmRNA-

DEMΔKRAB plasmids.  (A) Restriction digestion; in the first reaction, the pmRNA-pA vector 

was double digested with XbaI and ApaI to generate compatible ends for the insertion of the 

transgene sequences. In a second reaction inactive pVAX-CMV-TALENs was double digested 

with XbaI and BamHI to produce a fragment containing the TALE domain sequences. In a third 

reaction, active pCMV-DEM plasmids were digested with BamHI and ApaI to yield a fragment 

containing the active DNMT B) Ligation; the transgene fragments were ligated into the prepared 

pmRNA-pA backbone, producing pmRNA-DEMΔKRAB. 
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2.2 In Vitro Synthesis of mRNA from DNA templates 

2.2.1 Production of in vitro transcribed therapeutic and reporter mRNA 

In preparation for IVT, 25 ug of active and inactive pmRNA-DEMs, active pmRNA-

DEMsΔKRAB and pmRNA-eGFP DNA templates were linearised with 25U of BbsI enzyme 

(New England Biolabs, NJ, USA) and 1× buffer and ddH2O to a final volume of 200 µl and 

reactions were incubated overnight at 37 °C. Linearised DNA templates were purified using 

either phenol:chloroform or sodium acetate (NaOAc) precipitation. Purified DNA template 

concentration was confirmed with N80 Nanophotometer Spectrophotometer (Implen, CA, USA) 

and linearisation was confirmed on a 1 % agarose gel (Appendix 5.1). IVT reactions were 

performed using RiboMAX
TM

 Large Scale RNA Production System (Promega, WI, USA) 

(Appendix, Table 5.2) or TranscriptAid T7 High Yield Transcription Kit (Thermofisher 

Scientific, MA, USA) Appendix, Table 5.3) according to the manufacturer’s instructions or New 

England Biolabs (NEB) individual IVT components (Appendix, Table 5.4) along with TriLink 

buffer (Appendix, Table 5.5).  IVT reactions were incubated for 2 hours at 37 °C followed by 

DNase treatment at 37 °C for 15 minutes to remove residual template DNA. IVT reactions were 

co-transcriptionally capped with Promega Ribo m7G cap analogue (standard Cap 0), Ambion 

anti-reverse cap analogue (ARCA Cap 0) (New England Biolabs, NJ, USA) or TriLink 

CleanCap® AG (TriLink Biotechnologies, CA, USA) according to the manufacturer’s 

instructions. For production of modified mRNAs, 100% pseudouridine (ψ) (TriLink 

Biotechnologies, CA, USA) was incorporated to reaction according to protocol. For 

polyadenylated RNA, 1× E. coli Poly (A) Polymerase reaction buffer, 2 µl ATP (10 mM) and 1 

µl E. coli Poly (A) Polymerase (Thermo Scientific, CA, USA) was used. The reaction was 

incubated at 37 °C for 30 minutes and LiCL was used to purify and precipitate the RNA. 

2.2.2 Post-transcriptional capping of IVTed mRNA  

Vaccinia Capping Enzyme System (New England Biolabs, NJ, USA) was used for post-

transcriptional enzymatic capping of mRNA according to the manufacturer’s instructions. The 

capping reaction was set up using the components listed in Table 2.1. The enzymatic capping 

reaction was incubated at 37 °C for 30 minutes to generate Cap 0 mRNA or incubated for 1 hour 



Chapter 2-Methods and Materials 

52 

 

to generate Cap 1 mRNA.  The synthesised mRNA was purified using NaOAc or LiCL 

precipitation (Appendix 5.5). 

Table 2.1: Post-transcriptional capping protocol for producing Cap 0 and Cap 1 mRNA 

 

2.2.3 Removal of dsRNA by cellulose purification  

Cellulose chromatography-based purification of synthesised RNA was carried out  according to 

the protocol described by Baiersdörfer et al (2019) (Baiersdörfer et al., 2019). Briefly, 0.2 g of 

cellulose (Sigma-Aldrich, MO, USA) was washed with 1 ml of chromatography buffer 

(Appendix5.5) by shaking the cellulose slurry at 250 rpm room for 10 minutes at room 

temperature. Approximately, 700 µl of the cellulose slurry was transferred to a 0.22 µm 

ultracentrifuge spin column (Sigma-Aldrich, MO, USA) and centrifuged for 1 minute at 14 000 

×g. The flow-through was discarded and 500 µl of chromatography buffer was added to the 

column and incubated for 5 minutes at room temperature with shaking at 250 rpm. This was 

followed by centrifugation of the column for 1 minute at 14 000 ×g and the flow-through was 

discarded. One hundred and fifty micrograms of capped RNA was mixed with 500 µl of 

chromatography buffer, added to the column and incubated for 30 minutes at room temperature 

with shaking at 250 rpm. After the incubation, the column was centrifuged for 1 minute at 14 000 

×g and flow-through containing purified RNA was collected.  To ensure majority of dsRNA was 

removed the above process was repeated. LiCL purification of the cellulose purified RNA was 

used to precipitate the RNA. RNA was quantified by spectrophotometry using the N80 

Components Final Volume (Cap 0) Final Volume (Cap 1) 

Denatured RNA reaction 15 µl 14 µl 

10× Capping buffer  2 µl 2 µl 

GTP (10 Mm) 1 µl 1 µl 

SAM (2 mM)  1 µl 1 µl 

Vaccinia Capping Enzyme (10 

U/µl) 

1 µl 1 µl 

mRNA 2’-O-

Methylatreansefrase (50 U/µl) 

 - 1 µl 

Total volume  20 µl 20 µl 
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Nanophotometer Spectrophotometer (Implen, CA, USA). RNA integrity was assessed using 

denaturing formaldehyde gel electrophoresis (Appendix 5.1).  

2.3 Characterisation of poly(A) tail length in IVTed mRNA using 3' 

RACE 

The presence of the poly (A) tail of IVTed mRNA was verified using a 3' RACE (Rapid 

Amplification of cDNA Ends) kit (Sigma-Aldrich, MO, USA). Initially, first strand cDNA 

synthesis was performed, approximately 1 µg of total extracted RNA or 50 ng of IVTed mRNA 

and ddH2O was made up to a final volume of 11 µl. This was followed by the addition of 1 µl of 

the adapter primer (10 µM). This is an oligo-dT adapter primer that binds the poly (A) tail region 

on mRNA. All heating steps were carried out in Bio-Rad T100™ Thermal Cycler. The reaction 

mixture was gently mixed, centrifuged and heated at 70 °C for 10 minutes and cooled on ice for 

1 min. To the reaction mixture, 2 µl of 10× PCR buffer, 2 µl of MgCl2 (25 mM), 2 µl of dNTPs 

(10 mM) and 1 µl of 0.1 M DTT was added gently, mixed, centrifuged, and heated at 42 °C for 5 

minutes. Reaction mixture was removed and 1 µl of SuperScript™ II RT added and heated to 42 

°C for 50 minutes. Reaction was terminated by incubating the sample at 70 °C for 15 minutes, 

this was followed by addition of 1 µl of RNase H and was incubated for 20 min at 37 °C. The 

cDNA was then amplified by using a gene-specific DEM primer (5’ 

GCTTGCTGCCCCTGAGAGAGTA 3’).  

The DEM specific forward primer designed to bind to the end of the DNMT3L domain before 

the poly(T) track and was used in conjunction with the abridged universal amplification reverse 

primer (AUAP). The AUAP binds to the extended cDNA to amplify in the 3' direction. The PCR 

reaction was prepared as follows: 12.5 µl of Taq DNA polymerase 2× Master Mix (Ampliqon, 

Aarhus, Denmark), 10 pmol each of forward and reverse primers, 2 µl template DNA and ddH2O 

made up to a final volume of 20 µl. PCR was carried out in Bio-Rad T100™ Thermal Cycler  

and cycling conditions were as follows: initial denaturation at 95 °C for 2 minutes; 39 cycles of 

95 °C for 15 seconds,  annealing at 60 °C for 15 seconds, and extension at 72 °C for 15 seconds 

followed by a final elongation at 72 °C for 5 minutes and final step cooling to 4 °C. The PCR 

amplicons were resolved on a 1 % agarose gel containing ethidium bromide (0.5 µg/ml) 

(Appendix 5.1) and imaged using Omega Fluor™ Gel Documentation System (Gel Company 

Inc., CA, USA). PCR amplicons was purified using Qiagen MinElute Gel Extraction kit 
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according to the manufacturer’s instructions (Qiagen, Hilden, Germany) (Appendix 5.2) and 

sequenced (Inqaba Biotech, South Africa). 

2.3.1 Analysis of poly(A) tail length in IVTed mRNA following introduction into 

cultured cells 

DEM mRNA was IVTed using TranscriptAid T7 High Yield Transcription Kit (Thermofisher 

Scientific, MA, USA) (Appendix, Table 5.2) and co-transcriptionally capped by Vaccina capping 

system (New England Biolabs, NJ, USA) to incorporate Cap 0 according to the manufacturer’s 

instructions (Table 2.1).  Huh7 cells were seeded twenty-four before transfection at a confluency 

of 70% in 6-well plate (Greiner Bio-One, Frickenhausen, Germany). Approximately 2000 ng of 

SR DEM mRNA was transfected using Lipofectamine™ MessengerMAX™. Three-hours after 

transfection, total RNA was extracted using TRIzol reagent (Appendix 5.6.1) and 3' RACE Kit 

(Sigma-Aldrich, MO, USA) was performed.  

2.4 Characterisation of the anti-DEM mRNA in culture mammalian 

cells 

In this study, liver-derived human hepatoma cell line Huh7, the kidney-derived human 

embryonic kidney cell line HEK293T, and HepG2, which is a liver cancer-derived cell line from 

hepatocellular carcinoma were utilised (Appendix 5.7). The HepG2.hNTCP cells are engineered 

to express the human NTCP receptor, while the HepG2.2.15 cells contain a stable, greater-than-

genome-length HBV integrant integrated into their genome. Cells were seeded twenty-hour prior 

to transfection. For plasmid DNA transfections, Lipofectamine™ 3000 (Thermo Scientific, CA, 

USA) was used according to manufacturer’s instructions and for IVTed mRNA Lipofectamine™ 

MessengerMAX™ (Thermo Scientific, CA, USA) was used using 1:1 ratio according to 

manufacturer’s instructions. Transfection reactions were incubated at 37°C with 5% CO2 for the 

duration of the experiment. Cells transfected with reporter GFP DNA or IVTed GFP mRNA were 

used to evaluate transfection efficiency. All reactions were conducted in triplicate. 

2.4.1 Evaluation of Anti-HBV DEM mRNA in vitro  

Huh7 cells were initially transfected with 70 ng pCH-9/3091 replication-competent plasmid 

DNA (Table 5.1) and this was followed by transfection of 430 ng IVTed DEM mRNA or a 
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control mRNA (Firefly luciferase (FLuc) mRNA). Twenty-four hours post transfection, enzyme-

linked immunosorbent assay (ELISA) was conducted on supernatant of transfected cells using 

the Monolisa™ HBs Ag ULTRA kit (Bio-Rad, CA, USA) according to manufacturer’s 

instructions (Appendix 5.8). 

2.4.2 Detection of Anti-HBV DEM using immunofluorescence staining 

For RNA experiments, Huh7 cells were transfected with 200 ng of each individual IVTed DEM 

mRNA and FLuc mRNA. For DNA experiments, 200 ng of each plasmid expressing various 

DEMs or pUC118, which served as a negative control, was transfected. Protein expression of 

anti-HBV DEM-encoding mRNA and plasmid DNA was determined within Huh 7 cells by 

immunofluorescence detection of HA tag in vitro. Transfection efficiency and assessment of 

expression of HA tag was assessed after three hours for RNA transfections and forty-eight hours 

for DNA transfections by analysis of GFP using EVOS FL fluorescence microscope (Thermo 

Fischer Scientific, CA, USA). 

2.4.2.1 Immunofluorescence staining 

Growth media was discarded from transfected cells and were washed with 100 μl of 1× 

phosphate buffered saline (PBS) (Sigma-Aldrich, MO, USA). Cells were subsequently fixed in 

100 μl of chilled methanol at room temperature for 15 minutes. The methanol was discarded, and 

cells were washed twice with 100 μl of 1× PBS and thereafter incubated with 100 μl of 0.1% 

Triton-X (Sigma-Aldrich, MO, USA) in bovine serum albumin (BSA) for 10 minutes at room 

temperature. Triton-X was discarded, and the cells washed twice with 100 μl of 1× PBS. To 

block the cells, 100 μl of 1% BSA (Roche Applied Science, Mannheim, Germany) was added 

and incubated at room temperature for 1 hour in a humidity chamber. Thereafter, BSA was 

removed and thirty microlitres of mouse anti-HA primary antibody (Sigma-Aldrich, MO, USA), 

diluted 1:350 in 1% BSA was added to each well and incubated in a humidity chamber for a 

further 1 hour at room temperature. Subsequently the cells were washed twice with 200 μl of 1× 

PBS and incubated with 30 μl fluorescently labelled (Alexa Fluor 488) goat anti-mouse 

secondary antibody (Sigma-Aldrich, MO, USA), diluted 1:350 in 1% BSA and incubated in the 

dark for 40 minutes at room temperature. Secondary antibody was removed, and cells were 

subsequently washed with twice with 100 µl of 1× PBS and stained with 100 µl of 1× 4, 6-
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diamidine-2-phenylindole chloride (DAPI), diluted 1:1000 in × PBS for 5 minutes at room 

temperature. Subsequently, cells were washed twice with 100 µl of 1× PBS. FITC and DAPI 

filters were used to image and detect signal from the cells using an EVOS FL fluorescence 

microscope (Thermo Scientific, CA, USA). 

2.4.3 Evaluation of IVTed reporter mRNA using a luciferase assay 

Huh7 cells were transfected with 200 ng of IRES-FLuc mRNA or Luc2 mRNA co-

transcriptionally capped with TriLink CleanCap® AG or post-transcriptionally capped with 

VCE. TriLink FLuc mRNA served as a positive control, GFP mRNA transfected cells served as 

the negative control. Luciferase assay was assessed twenty-four hours after transfection. 

Luciferase® Reporter Assay System kit (Promega, WI, USA) was used to quantify luciferase 

expression. Cell culture media was removed from transfected cells, and 65 µl of 1× passive lysis 

buffer was added each well and gently rocked at room temperature for 15 minutes. After 

incubation, 50 µl Luciferase Assay Reagent (LARII) was mixed with 10 µl of lysed cells in 

Corning® 96-well white polystyrene plate (Corning incorporated, NY, USA). Luminescence 

readings was measured using GloMax® Explorer Microplate reader (Promega, WI, USA) 

2.4.4 Evaluation of toxicity of anti-HBV DEMs in cultured cells  

For RNA experiments, Huh7 cells were transfected with 150 ng of each individual mRNA or 

FLuc-encoding mRNA which served as a mock transfection. Cell viability was assessed twenty-

four hours after mRNA transfection.  For DNA experiments, Huh7 cells were co-transfected with 

50 ng pCH-9/3091 replication-competent plasmid DNA and 150 ng of each plasmid expressing 

various DEMs or pUC118, which served as a negative control. Cell viability was assessed forty-

eight hours after transfection. Cells receiving no DEM mRNA or DEM DNA were used as the 

untransfected control and cells receiving 25% DMSO served as positive control. 

2.4.4.1 Cell viability assessment using the MTT Assay 

Cell viability was determined using a methyl-thiazolyl-tetrazolium (MTT) assay. Thirty minutes 

before the addition of MTT solution, 25 µl of media was removed and replaced with 25 µl of 

dimethyl sulphoxide (DMSO) in the positive control and incubated at 37 °C.  After the thirty 

minute incubation, 20 µl of MTT solution (5 mg/mL) in 1× PBS was added to each well, mixed 
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and incubated for one hour at 37 °C. Cell growth medium was gently aspirated, and the purple 

formazan by-product was re-suspended in 200 µl of DMSO by aspirating up and down gently 

and incubated at room temperature for approximately 5 minutes before measuring the optical 

density of the samples at 570 and 650 nm using the iMark™ Microplate Reader (Bio-Rad, CA, 

USA). 

2.5 Construction of mRNA expression plasmid pT7-(AG) DEM 4×S 

2.5.1 Design of pT7-(AG) RNA expression platform 

The pT7-(AG) vector has several aspects that have been changed from the pmRNA expression 

platform such as inclusion of a more stable regulatory 5’ and 3’ UTRs, 120 poly (T) track and 

inclusion of four stop codons at the end of the DEM transgene. Four micrograms of pT7-(AG) 

backbone were double digested with NdeI and Esp3I with 4 U of each respective enzymes, 1× 

rCutSmart™ buffer and ddH2O to a final volume of 80 µl and incubated overnight at 37 °C. The 

digestion reaction was subsequently resolved on a 1 % agarose gel containing ethidium bromide 

(0.5 µg/ml) (Appendix 5.1). The pT7-(AG) backbone represented by the 3133 bp fragment was 

excised from the gel and purified using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions (Appendix 5.2). The concentration and 

purity were assessed by spectrophotometry. The backbone DNA was treated with alkaline 

phosphatase to remove 5’ phosphates, 1 U of FastAP thermosensitive alkaline phosphatase 

(Thermo Scientific, CA, USA) was added and incubated at 37 °C for 30 minutes according to the 

manufacturer’s instructions. 

2.5.1.1 Design of the insert sequence 

The insert sequence (ECS-fragment) was designed to include (i) the 5’ UTR of pT7-(AG) with a 

NdeI restriction site upstream to allow for convenient cloning of the insert fragment into the pT7-

(AG) backbone, (ii) XhoI, ApaI, BamHI restriction sites, that will be used for the insertion of 

DEM-encoding sequences, and (iii) 4 consecutive stop codons. The 3’ end of the ECS-fragment 

was designed to include the type IIs restriction enzyme site BsaI downstream of the BamHI. The 

BsaI site was included so that digestion with BsaI would generate an overhang complementary to 

the Esp3I overhang in the pT7-(AG) backbone (Figure 2.4). The ECS-fragment was synthesised 

and cloned into pUC57 mini plasmid (GenScript, NJ, USA). Approximately, 4 µg of pUC57-
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ECS plasmid DNA was double digested with NdeI and BsaI with 4 U of each respective 

enzymes, 1× buffer and ddH2O to a final volume of 80 µl and incubated overnight at 37 °C. The 

digestion reaction was resolved on a 1 % agarose gel containing ethidium bromide (0.5 µg/ml). 

The ECS-fragment represented by the 497 bp fragment was excised from the agarose gel and 

purified using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, Germany) (Appendix 5.2). 

The concentration and purity of the extracted DNA was assessed by N80 Nanophotometer 

Spectrophotometer (Implen, CA, USA).  
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Figure 2.4: Design of the ECS-Fragment for pT7-(AG) Cloning.  The ECS-fragment was engineered with several key features: A 

5' UTR and an NdeI site for easy insertion into the pT7-(AG) backbone, multiple restriction sites (XhoI, ApaI, BamHI) for integrating 

DEM-encoding sequences, 4 consecutive stop codons and a BsaI site downstream of BamHI to generate an overhang complementary 

to the Esp3I overhang in the pT7-(AG) vector. 
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2.5.1.2 Subcloning of pT7(AG)-ECS 4×S plasmid  

Construction of pT7(AG)-ECS 4×S is illustrated in Figure 2.5. The ECS-fragment was subcloned 

into AP treated pT7-(AG) backbone. Ligation reactions were used to transform chemically 

competent E. coli (Thermo Scientific, CA, USA) and plated on 1× ampicillin plates. Single 

colonies were selected and inoculated in Luria-Bertani media supplemented with 100 μg/ml 

ampicillin and cultured at 37°C in a shaking incubator overnight (Appendix 5.3). Plasmid DNA 

was extracted from bacterial cultures using Econospin™ All-in-One Mini Spin Columns (Epoch 

Life Science, TX, USA) according to the manufacturer’s instructions. The purified plasmids 

were screened by restriction enzyme digestion. Positive clones were selected and prepared on a 

large scale using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions (Appendix 5.4). pT7(AG)-ECS 4×S was double digested with ApaI 

and AvaII, BanII and XhoI, BglI and XhoI, and NdeI and XhoI to confirm the correct plasmid. 

The pT7(AG)-ECS 4×S plasmid serves as the mRNA expression backbone and contains the 

necessary restriction sites for cloning DEM transgene sequences. 
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Figure 2.5: A schematic illustrating subcloning strategy of pT7(AG)-ECS 4×S. (A) 

Restriction digestion; in the first reaction, the pT7-(AG) backbone was double digested with 

NdeI and BsaI to generate compatible ends for insertion of transgene sequence. In the second 

reaction, the pUC57-ESC was double digested with NdeI and Esp3I to yield ESC-insert fragment 

containing complementary end to pT7-(AG) backbone. (B) Ligation; The ECS-insert fragment 

was ligated into the prepared pT7-(AG) backbone, resulting in the formation of the pT7(AG)-

ECS 4×S plasmid. 
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2.5.1.3 Construction of pT7(AG)-DEM 4×S plasmids  

pT7(AG)-ECS 4×S was double digested with Esp3I and ApaI. The digestion reaction was set up 

as follows, 1 µg of plasmid DNA, 1× buffer, 1 U each respective enzyme, made to a total volume 

of 20 µl using ddH2O and incubated at 37 °C for 2 hours. The digestion reaction was 

subsequently resolved on a 1 % agarose gel containing ethidium bromide (0.5 µg/ml) (Appendix 

5.1). The pT7(AG)-ECS 4×S backbone represented by the 3610 bp fragment was excised from 

the gel and purified using the MinElute™ Gel Extraction Kit (Qiagen, Hilden, Germany) 

(Appendix 5.2). The recovered backbone DNA was alkaline phosphatase treated according to the 

manufacturer’s instructions.  The pmRNA-SR, SL, -CR, -CL, -PR and -PL DEM plasmids were 

double digested with NcoI and XhoI and this excised a 680 bp consisting of the HA-KRAB-

TALE (TALE 362 bp)-encoded sequence. Since the Xhol restriction site is within the TALE-

DBD, a section of the TALE is approximately 362 bp is excised along with HA-KRAB when 

double digested with NcoI and XhoI. The remaining TALE-DNMT sequence was excised by 

double digestion with XhoI and ApaI and yields a 3640 bp fragment. The digestion reactions 

were resolved on an agarose gel, excised and gel purified using the MinElute™ Gel Extraction 

Kit (Qiagen, Hilden, Germany) (Appendix 5.2). The purified inserts (HA-KRAB-TALE and 

TALE-DNMT) were cloned into pT7(AG)-ECS 4×S producing pT7(AG)-SR, -SL, -CR, -CL, -

PR and -PL DEM 4×S (Figure 2.6). Positive clones were selected based on screening with BanII, 

PvuII and XbaI and NheI to confirm the correct plasmids and prepared on large scale (Appendix 

5.5).  

2.5.1.4 Construction of pT7(AG)-DEMΔKRAB 4×S plasmids  

Active pT7(AG)-DEM 4×S vectors without the KRAB domain sequence were generated and 

termed pT7(AG)- SR, -SL and -PL DEMΔKRAB 4×S plasmids (Figure 2.6). pT7(AG)-ECS 4×S 

was double digested with Esp3I and ApaI and served as the backbone and used for a three-way-

ligation. pmRNA -SR, -SL and -PL DEMΔKRAB plasmids were double digested with NcoI and 

XhoI to excise HA eiptope-TALE-encoded sequences without the KRAB domain. Active 

pmRNA-DEMs were digest with XhoI and ApaI to extract remaining TALE sequence and 

DNMT domain-encoding sequence. The digestion reaction was set up as follows, 1 µg of 

plasmid DNA, 1× buffer, 1 U each respective enzyme, made to a total volume of 20 µl using 

ddH2O and incubated at 37 °C for 2 hours. The restriction digestion reactions were resolved on a 
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1 % agarose gel containing ethidium bromide (0.5 µg/ml) (Appendix 5.1). The expected band 

size of 380 bp for the HA-TALE (TALE 362bp)-encoded sequence, 3640 bp for remaining 

TALE-DNMT-encoded sequence, sequences were extracted and purified using the Qiagen 

MinElute Gel Extraction kit (Qiagen, Hilden, Germany) (Appendix 5.2) and ligated into 

pT7(AG)-ECS 4×S in a three-way ligation. Positive clones were selected based on screening by 

restriction digestion using BanII, PvuII and XbaI and NheI to confirm the plasmids and prepared 

on large scale using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s instructions (Appendix 5.4).  
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Figure 2.6: A schematic illustrating the cloning strategy used to generate active pT7(AG)-

DEM 4×S and pT7(AG)-DEMΔKRAB 4×S plasmids.  (A) Restriction digestion; in the first 

reaction, pT7(AG)-ECS 4×S was double digested with Esp3I and ApaI to generate compatible 

ends for the insertion of the transgene sequences. Esp3I generates an overhang complementary to 

the NcoI overhang. In second reaction, pmRNA-DEM plasmids were double digested with NcoI 

and XhoI to excise the fragment consisting of the HA-KRAB-TALE (TALE 362 bp)-encoded 

sequence. In a third reaction, the pmRNA-DEM plasmids were also double digested with XhoI 

and ApaI and yields a fragment containing the remaining TALE-DNMT-encoding sequences. In 

a fourth reaction, pmRNA-DEMΔKRAB plasmids were double digested with NcoI and XhoI to 

excise TALE-encoded sequences without the KRAB domain. (B) Ligation; the transgene 

fragments HA-KRAB-TALE (TALE 362 bp) and TALE-DNMT-encoding sequences were 

ligated into pT7-ECS AG 4× generating pT7(AG)-DEM 4×S plasmids. While pT7(AG)-

DEMΔKRAB 4×S plasmids were generated by ligating the HA epitope-TALE-encoded 

sequences without the KRAB domain and active TALE-DNMT-encoding (extracted from 

pmRNA-DEM) into pT7(AG)-ECS 4. 



Chapter 2-Methods and Materials 

66 

 

2.5.2 Production of IVTed therapeutic and reporter mRNA 

In preparation for IVT, active pT7(AG)-DEM 4×S and   pT7-(AG) DEMΔKRAB 4× S DNA 

templates were digested with 10 U of BbsI (New England Biolabs, NJ, USA) per 10 µg of 

plasmid DNA, 1×Buffer and ddH2O to a final volume of 50 µl, the linearisation reactions were 

incubated overnight at 37 °C. While pT7-mCherry reporter plasmid was digested with BsaI. 

Linearisation of templates was confirmed on a 1 % agarose gel (Appendix 5.1).   

IVT reactions were performed with New England Biolabs (NEB) individual IVT components 

along with TriLink buffer (Appendix 5.5, Table 5.4 and Table 5.5).  IVT reactions were incubated 

for 2 hours at 37 °C followed by DNase treatment at 37 °C for 15 minutes to remove residual 

template DNA. IVT reactions were co-transcriptionally capped with TriLink CleanCap® AG 

(TriLink Biotechnologies, CA, USA) according to the manufacturer’s instructions (Table 2.1). 

For production of modified mRNAs, 100% substitution of uridine with pseudouridine (ψ), 5-

methoxyuridine (5moU) or N1-Methyl-Pseudouridine (m1ψ) (TriLink Biotechnologies, CA, 

USA) was incorporated to reaction according to protocol. After IVT, mRNA was cellulose-

purified as described in Section 2.2.3. 

2.6 Characterisation of the DEM mRNA expressed from pT7(AG)-

DEM 4×S in vitro  

2.6.1 Evaluation of Anti-HBV DEM mRNA silencing in vitro  

Prior to seeding Huh7 cells, rat tail collagen I (Appendix 5.7) was used to coat the CellStar® 

plates (Greiner Bio-One, Frickenhausen, Germany).  For single mRNA transfection experiments, 

Huh7 cells were initially transfected with 70 ng of pCH-9/3091 replication-competent plasmid 

DNA, followed by transfection with 430 ng of either IVT DEM mRNA or FLuc mRNA as a 

control. For double mRNA transfection experiments, cells were first transfected with 70 ng of 

pCH-9/3091 plasmid DNA, then 430 ng of IVT DEM mRNA or FLuc mRNA. Six hours later, a 

second mRNA transfection with the same RNA was performed. HBsAg levels were assessed at 

twenty-four and forty-eight hours after transfection. HBsAg levels were measured using the 

Monolisa™ HBs Ag ULTRA kit (Bio-Rad, CA, USA) according to the manufacturer’s 

instructions (Appendix 5.8). 
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2.6.2 Detection of Anti-HBV DEM mRNA  

Huh7 transfections were performed as described in Section 2.4.2, using mCherry mRNA as a 

negative control to assess transfection efficiency. For the detection of HA-tag, 

immunofluorescence staining of IVT DEM mRNA expressed from the pT7-(AG) platform was 

conducted as outlined in Section 2.4.2.1. This staining utilised a rabbit polyclonal anti-HA 

(Sigma-Aldrich, MO, USA) (diluted 1:250) and goat anti-rabbit labelled (Alexa Fluor 488) 

secondary antibody (Sigma-Aldrich, MO, USA), (diluted 1:250), following the procedure 

detailed in Section 2.4.2.1. 

2.6.3 Evaluation of toxicity of anti-HBV DEMs expressed from pT7(AG)-DEM 4×S 

Transfections of Huh7 cells with Anti-HBV DEM plasmid DNA or IVT DEM mRNA from the 

pT7(AG)-DEM 4×S platform were performed (after double transfection) and evaluated as 

described in Section 2.4.4. 

2.6.4 Quantitative reverse transcriptase PCR (qRT-PCR) of HBV viral transcripts 

Huh7 cells were initially transfected with 115 ng of pCH-9/3091 replication-competent plasmid 

DNA, followed by transfection with 885 ng of either IVT DEM mRNA or TriLink FLuc mRNA 

as a control. Six hours later, a second mRNA transfection with the same RNA was performed.  

Total RNA was extracted from cells, twenty-four hours after the second mRNA transfection 

using TRIzol® Reagent (Thermo Scientific, CA, USA) according to the manufacturer’s 

instructions (Appendix 5.6.1). To remove contaminating DNA, extracted RNA samples were 

treated with 15 U of DNase I and 1× DNase buffer and incubated at 37 °C for an hour. Following 

incubation, RNA was precipitated using 500 µl chilled 100% ethanol and incubated at -20 ℃ for 

one hour. RNA was centrifuged at 12 000 ×g   for 15 minutes at 4 ℃ and supernatant was 

discarded. RNA pellets were washed with 500 µl of 70% ethanol and centrifuged again at 12 000 

×g for 10 minutes at 4 ℃. Total RNA was resuspended in RNase free H2O and concentration and 

purify of the RNA samples were measured by spectrophotometry at wavelength of 260 nm.  

Total RNA was reverse transcribed and amplified using Luna® Universal One-Step RT-qPCR 

master mix kit (New England Biolabs Inc., MA, US). Each reaction contained 500 ng of total 

RNA, 0.4 µM of forward and reverse primer each, 1× Luna Universal One-Step Reaction mix, 
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1× Luna WarmStart RT enzyme mix and nuclease-free H2O to a final volume of 10 µl. Primer 

sets used for amplification consisted of housekeeping gene hypoxanthine guanine 

phosphoribosyltransferase (HRPT), HBs and BCP (Table 2.2). RT-qPCR was carried out in 

CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, CA, USA) using the following 

conditions: reverse transcription at 55 °C for 10 minutes followed by initial denaturation cycle at 

94 °C for 1 minute, followed by 40 cycles of denaturation at 95 °C for 30 seconds, annealing at 

55 °C for 30 seconds and extension at 60 °C for 30 seconds. surface and pregenomic (pgRNA) 

mRNA were quantified relative to HRPT. Melting curve analysis confirmed the specificity of the 

amplicons and relative change in expression between the DEM transfected samples and mock 

samples were determined using delta Ct method (Livak and Schmittgen, 2001). 

 

Table 2.2: Primer Sequences used to amplify HBV surface and pgRNA transcripts by RT-qPCR 

 

2.6.5 qRT-PCR of innate response to DEM-encoding mRNA   

To determine whether DEM-encoding mRNA triggers an innate immune response in vitro, 

analysis of IFN-β and IFN-inducible genes, 2’, 5’-oligoadenylate synthetase 1 (OAS1) and 

Interferon-induced proteins with tetratricopeptide repeats I (IFIT I) was assessed by qRT-PCR. 

HEK293 T cells were transfected with 1200 ng of each respective DEM-encoding mRNA, 

untransfected (mock), Polyinosinic:polycytidylic acid (Poly I:C) (Sigma-Aldrich, MO, USA) 

served as a positive control for induction of IFN genes. Twenty-four hours post-transfection, 

Gene  Primer name  Primer Sequence (5′-3′) 

BCP 

 

BCP-forward ACCACCAAATGCCCCTAT 

BCP-reverse TTCTGCGACGCGGCGA 

HBs 

 

HBs-forward GCCAAAATTCGCAGTCC 

HBs-reverse ACGGGCAACATACCTT 

HRPT  HRPT -forward AGTCAACCAACACATCCTATC 

HRPT-reverse GCATTATTAGCGTGCTGTCTT 
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total RNA was extracted from the Hek293 cells using TRIzol™ reagent (Thermo Scientific, CA, 

USA) as described in (Appendix 5.6.1) and DNase treated as described in Section 2.6.4. 

RT-qPCR was performed on total RNA extracted from HEK293 cells using Luna® Universal 

One- Step RT-qPCR kit (New England Biolabs Inc., MA, USA) described in Section 2.6.4. For 

quantification of IFN-β and IFN-related genes, primer sets used for IFN-β, OAS1 and IFIT1 and 

housekeeping gene HRPT (Table 2.3). RT-qPCR was carried out in CFX96 Touch™ Real-Time 

PCR Detection System (Bio-Rad, CA, USA) using the following thermocycling conditions: 

reverse transcription at 55 °C for 10 minutes followed by initial denaturation cycle at 94 °C for 1 

minute, followed by 40 cycles of denaturation at 95 °C for 60 seconds, annealing at 55 °C for 30 

seconds and extension at 60 °C for 60 seconds. Melting curve analysis confirmed the specificity 

of the amplicons. IFN-β and IFN related gene expression was relativised to HRPT, and change in 

expression between the DEM transfected samples and mock samples were determined using 

delta Ct method (Livak and Schmittgen, 2001). 

Table 2.3: Primer sequences used to amplify IFN-β and IFN- inducible genes 

 

 

Gene Primer name Primer Sequence (5′-3′) 

IFN-β IFN-β-forward TCCAAATTGCTCTCCTGTTGTGCT 

IFN-β-reverse CCACAGGAGCTTCTGACACTGAAAA 

OAS1 OAS1- forward CGAGGGAGCATGAAAACACATTT 

OAS1-reverse GCAGAGTTGCTGGTAGTTTATGAC 

MXA MXA-forward CTGGTGCTGAAACTGAAGAAAC 

MXA-reverse ATCTCAATCTCGTAGTCCTGGTA 

IFIT IFIT-forward CCCTGAAGCTTCAGGATGAAGG 

IFIT-reverse AGAAGTGGGTGTTTCCTGCAAG 

HRPT  HRPT-forward TGACACTGGCAAAACAATGCA 

HRPT-reverse GGTCCTTTTCACCAGCAAGCT 
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2.7 Bisulphite sequencing  

Transfections were carried out as described in section 2.6.1 with FLuc mRNA, SL DEM mRNA 

and PL DEM mRNA.  Twenty-hour hours after transfection total DNA were extracted from cells 

(Appendix 5.6.2). Bisulphite conversion and Sanger sequencing of extracted DNA was used to 

confirm methylation status of three CpG islands (Inqaba Biotec, Pretoria, South Africa). 

Bisulphite specific primer sequences were designed to target the sense and anti-sense strands of 

DNA targeting the three CpG islands.  

2.8  Data analysis and programs  

For data analysis, the mean (n=3) and the standard error of the mean (SEM) were calculated. 

Statistical significance was determined using a two-tailed paired Student’s t-test, with p-values < 

0.05 considered significant. Graphs were generated using GraphPad Prism 4.0 (GraphPad 

Software Inc., CA, USA). Figures were created with BioRender.com, and plasmid maps and 

simulated gels were produced using SnapGene® software (GSL Biotech; available at 

snapgene.com). 
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Chapter 3 

3. Results 

3.1  Generation of DEM mRNA produced from RNA expression vector 

3.1.1 Construction of pmRNA-pA expression vector encoding anti-HBV DEMs  

To enhance the transcriptional silencing of existing anti-HBV DEMs expressed as DNA, this 

study utilised an mRNA expression vector to express DEMs for the first time, to enable 

sequence-specific transcriptional repression of HBV. Established DEM-based technology is a 

pioneering platform that was generated to regulate expression by specific modification of the 

epigenome (Mlambo et al., 2018). This platform was adapted for the development of DEMs 

targeting HBV, site-specific TALE-DBD were repurposed from existing TALEN technology 

(Bloom et al., 2013) due to their high target specificity  to target S, C, P ORFs of the virus 

(unpublished work) (Appendix, Figure 5.1).  

Six active pmRNA-DEM plasmids (pmRNA-SR, -SL, -CR, -CL, -PR, and -PL DEM) and six 

inactive pmRNA-dDEM (pmRNA-SR, -SL, -CR, -CL, -PR, and -PL dDEM) plasmids were 

generated. The pmRNA-pA vector underwent double digestion with XbaI and ApaI yielding a 

fragment of a 3737 bp backbone fragment (Appendix, Figure 5.2). In separate reactions, 

plasmids expressing pCMV-DEMs were digested with XbaI and BamHI, yielding fragments 

2352 bp and 2643 bp and corresponding to the TALE domain for inactive dDEMs and the KRAB 

and TALE domain sequences for active DEMs (Appendix, Figure 5.3). Additionally, digestion 

with XbaI and ApaI excised 1642 bp fragments encoding DNMT domains from both active and 

inactive DEM constructs (Appendix, Figure 5.4), which were ligated into the pmRNA-pA 

backbone (Figure 3.1 - 3.2). Restriction digestion with BamHI and ApaI verified the presence of 

DNMT domain sequences, while XbaI and BamHI confirmed the KRAB and TALE domains in 

active DEMs. XbaI and NheI screening further confirmed the presence or absence of the KRAB 

domain in these constructs. All clones exhibited the expected banding patterns (Figure 3.1 - 3.2). 

The constructed plasmids, pmRNA-DEM and pmRNA-dDEM, are schematically represented in 

Chapter 2, Figure 2.1. The plasmids have a total size of 8022 bp and 7731 bp, respectively. Both 
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plasmids contain a CMV promoter/enhancer driving protein expression, a T7 promoter for 

mRNA synthesis, and an HA sequence followed by an SV40 nuclear localization signal. Both 

plasmids contain necessary sequence elements for IVT and intracellular translation, including a 

5' UTR with Kozak sequence, 3' UTR, poly(T) tract, and a BbsI restriction site for plasmid 

linearisation. 
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Figure 3.1: Confirmation of active pmRNA-DEM DNA by enzymatic digestion.  (A) Active pmRNA DEMs were generated by 

cloning KRAB and TALE domain-encoding sequences along with DNMT domain-encoding sequences into an mRNA expression 

vector (pmRNA-CMV-pA). (B) Digestion with BamHI and ApaI, produced bands of 6380 bp and 1642bp confirming the presence of 

DNMT-encoding domains indicated by the arrows. While restriction digestion of active pmRNA-DEMs constructs with XbaI and 

BamHI yielded bands of 4899 bp, 2643 bp and 480 bp confirming the presence of the KRAB and TALE-encoding domains. indicated 

by the arrows. Undigested DNA is represented by the top band, indicated by the red arrow.  Lane 1: MWM, Molecular weight marker 

(O’GeneRuler DNA Ladder Mix, 100 bp to 10 000 bp). 

A B 
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Figure 3.2: Confirmation of KRAB domain in active pmRNA-DEM plasmids by enzymatic 

digestion.  Active pmRNA-DEMs were double digested with NheI and XbaI, yielded bands of 

4899 bp, 2790 bp and a 333 bp, with the 333 bp band confirming the presence of the KRAB 

domain indicated by the arrow. Lane 1: MWM, Molecular weight marker (O’GeneRuler DNA 

Ladder Mix, 100 bp to 10 000 bp). 
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Figure 3.3: Confirmation of inactive pmRNA-dDEM DNA by enzymatic digestion.  (A) Inactive pmRNA-DEMs constructs were 

generated by cloning TALE domain-encoding sequences along with dDNMT domain-encoding sequences into an mRNA expression 

vector (pmRNA-pA). (B) Restriction digestion of inactive pmRNA-DEMs constructs with XbaI and BamHI yielded bands of 4899 bp, 

2352 bp and 480 bp confirming the presence of the TALE -encoding domains.While digestion with BamHI and ApaI, produced bands 

of 6089 bp and 1642bp confirming the presence of dDNMT-encoding domains (indicated by arrows). Lane 1: MWM, Molecular 

weight marker (O’GeneRuler DNA Ladder Mix, 100 bp to 10 000 bp). 

 

A B 
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Figure 3.4: Restriction enzyme digestion confirming the absence of KRAB domain in 

inactive pmRNA-dDEM constructs.  Active pmRNA-DEMs were double digested with NheI 

and XbaI, yielded bands of 4899 bp, 2790 bp and a 42 bp (off-agarose gel), with the lack of a 

333 bp band confirming absence of KRAB domain in pmRNA-dDEM DNA constructs. Lane 1: 

MWM, Molecular weight marker (O’GeneRuler DNA Ladder Mix).  
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3.1.2 mRNA synthesis of DEM-encoded DNA 

Prior to IVT, plasmid templates require linearisation. This step is pivotal for transcription 

efficacy, as incomplete linearisation of the template could produce a heterogeneous population of 

mRNA transcripts. Both active anti-HBV DEMs and control dDEMs were completely linearised 

as indicated by the single bands for each respective DEM on 1% agarose gel (Figure 3.5 A, B). 

The linearised DNA templates were initially purified using phenol: chloroform. Initial IVT 

reactions were performed using the RiboM RiboMAX
TM

 Large Scale RNA Production System 

with Promega Ribo m7G cap analogue (standard Cap 0). IVTed RNA was recovered through 

phenol:chloroform extraction and precipitated with ethanol.  Formaldehyde agarose gel 

electrophoresis confirmed that a single IVTed mRNA product was obtained for each respective 

active DEM at 4267 bp and inactive dDEMs at 3974 bp. This result indicates that the IVT 

mRNA was of the correct size, though some slight smearing was observed, suggesting minor 

RNA degradation (Figure 3.5 C, D).   
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Figure 3.5: Linearisation and IVT of anti-HBV DEMs in vitro.  (A-B) Linearisation of active and inactive pmRNA-DEM DNA 

templates by BbsI restriction digestion, (A) active DEMs and (B) control inactive dDEMs. Lane 1: Molecular weight marker (MWM), 

O’GeneRuler DNA Ladder Mix. (C-D) IVT of active and inactive DEMs using RiboM RiboMAX
TM

 Large Scale RNA Production 

System with Promega Ribo m7G cap analogue, (C) active DEMs (4267 bp) and (D) control dDEMs (3974 bp). Lane 1: MWM, 

RiboRuler HR RNA ladder and Lane 2 positive control mRNA. 

C D 

A B 
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The feasibility of expressing DEMs from mRNA expression vector was assessed in liver-derived 

Huh7 cells. Cells were co-transfected with individual active or inactive anti-HBV DEM-encoded 

mRNA, and HBV replication competent pCH-9/3091 plasmid.  This greater-than-genome-length 

plasmid simulates HBV replication once transfecte  d (Nassal, 1992). Twenty-four hours after 

transfection, culture medium was collected and HBsAg concentration was measured. Control SR, 

SL, CR, CL, PR and PL dDEM mRNA exhibited no silencing of HBsAg secretion (Figure 3.6 A) 

as expected, as these mRNA encoded sequences have a mutation within the catalytic domain of 

DNMTs and lack a KRAB domain and therefore function as mock transfections. However, active 

anti-HBV SR, SL, CR, CL, PR and PL DEM mRNA also did not exhibit statistically significant 

repression of HBsAg expression (Figure 3.6 A).  The lack of significant silencing of HBsAg 

expression by SR and SL DEMs was unexpected, especially since these DEMs target the S ORF 

responsible for producing HBsAg proteins. Additionally, previously unpublished work by Dr 

Kristie Bloom demonstrated significant repression with S DEMs DNA.  

Since no reduction was observed, expression of the DEM mRNA was evaluated in vitro. Both 

active and inactive control DEMs have an HA-epitope located at the N-terminus of each TALE-

DBD that function as a tag for immunohistochemical detection. Therefore, Huh7 cells were 

individually transfected with few active DEM-encoded mRNA consisting of either SR, CR and 

PR DEM mRNA or with TriLink FLuc mRNA which served as a mock transfection.  Detection 

of expression was assessed three hours after transfection by fluorescence microscopy. Results 

show no detection of HA-tag in cells transfected with the mock evident by the lack of distinct 

green fluorescence. This was expected as TriLink FLuc mRNA does not contain an HA-tag 

(Figure 3. 6 B). The anti-HBV DEMs was comparable to mock transfected cells, indicating no 

expressed of anti-HBV DEMs.  Background fluorescence can be observed in all transfected cells 

including the mock transfected cells and does not represent expression and is likely a result of 

the assay.  

In summary, the results reveal that while IVT of active and control DEM mRNA was produced at 

the expected sizes, however lack of functionality and expression of the IVTed DEMs in Huh7 

cells emphasised the requirement for optimisation of the IVT process. 
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Figure 3.6: Assessment of IVTed DEM mRNA expressed from pmRNA expression vector 

in cultured cells.  (A) Assessment of transcriptional silencing of HBsAg levels was assessed 

twenty-four hours after transfection of Huh7 cells. Cells were individually transfected with 

active and inactive DEM mRNA and pCH-9/3091 plasmid DNA. Active DEM was normalised 

against its corresponding inactive DEM mRNA controls. All transfections were performed in 

triplicate (n = 3), NS represents non-significant. (B) Immunofluorescence staining of Huh7 cells 

transfected with FLuc mRNA (mock transfection) and individual active DEM mRNA was 

performed to examine expression of HA-tag in vitro. A mouse anti-HA primary antibody, along 

with a fluorescently labelled goat anti-mouse secondary antibody, was used to detect the HA tag 

A 

B 
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(green), while the nuclei were stained with DAPI (blue). Fluorescence microscopy was used to 

visualise cells at 20× magnification. 

3.2  IVT Optimisation of anti-HBV DEM mRNA 

3.2.1 Improved characteristics of ARCA-capped IVTed mRNA  

Various optimisation strategies can be employed to produce highly functional IVTed mRNA. 

These modifications include but are not restricted to utilisation of alternative cap structures, 

modified nucleotides, and incorporation of UTR sequence elements from highly expressed 

mRNA. All are aimed at enhancing mRNA half-life, stability and translation rate, thereby 

enhancing protein translation efficiency while mitigating innate immune activation. To optimise 

IVT, a plasmid expressing the eGFP transgene was generated to facilitate the evaluation of IVT-

produced mRNA in cultured cells, as the GFP reporter mRNA allows for easier assessment 

(Appendix 5.9.1, Figure 5.6). 

To establish highly functional IVT mRNA, purification methods for linearised DNA templates 

and IVTed mRNA was changed from phenol: chloroform to sodium acetate for DNA templates, 

while LiCl precipitation was used for the recovery of IVTed mRNA. LiCl precipitation has been 

shown to be more efficient in eliminating small RNAs and DNA impurities (Nagalakshmi et al., 

2008). pmRNA-GFP template DNA was linearised with BbsI digestion. Template DNA was 

purified using sodium acetate and results show a single band indicating complete digestion 

(Figure 3.7 A). To verify whether the method of IVT was producing functional mRNA, GFP 

transgene was IVTed using RiboMAX
TM

 Large Scale RNA Production System and co-

transcriptionally capped with Promega Ribo m7G cap analogue (standard Cap 0) (Figure 3.7 B) 

or capped with Ambion ARCA Cap 0 analogue (Figure 3.7 C).  ARCA Cap 0 ensures exclusive 

cap incorporation in the correct orientation as the standard cap 0 structure can be incorporated in 

reverse orientation producing non-functional mRNA. GFP mRNA was precipitated using either 

phenol extraction followed by ethanol precipitation or LiCl.  
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Figure 3.7: Linearisation and IVT of reporter mRNA in vitro. (A) Linearisation of pmRNA-

GFP DNA template (3737 bp) by BbsI restriction digestion overnight, Lane 1: Molecular weight 

marker (MWM), O’GeneRuler DNA Ladder Mix. (B-C) GFP (967 bp) was IVTed using 

RiboMAX
TM

 Large Scale RNA Production System and co-transcriptionally capped with 

Promega Ribo m7G cap analogue (standard Cap 0) (B) or capped with Ambion ARCA Cap 0 

analogue (C). Lane 1: MWM, RiboRuler HR RNA ladder and Lane 2 positive control mRNA. 
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3.2.2 Characterisation of anti-HBV DEM mRNA expressed from pmRNA-pA 

vector 

The reporter mRNA was transfected in three different liver-derived cell lines (HepG2.2.15, 

HepG2.hNTCP and Huh7 cells) and expression was evaluated using fluorescence microscopy 

(Figure 3.8). TriLink GFP mRNA was used as a positive control as it is commercially produced 

(Figure 3.8 A). The results indicate eGFP expression was minimal when co-transcriptionally 

capped with Promega Ribo m7G cap (standard cap 0) analogue (Figure 3.8 B), while improved 

expression was observed with mRNA capped with ARCA Cap 0 analogue (Figure 3.8 C). eGFP 

ARCA capped mRNA was further enhanced with LiCl precipitation (Figure 3.8 D), although it 

remained significantly lower compared to the expression achieved with commercially produced 

TriLink GFP mRNA (Figure 3.8 A). Furthermore, cell lines typically challenging to transfect 

(HepG2.215 and HepG2.hNTCP cells) were successfully transfected particularly with control 

TriLink GFP mRNA demonstrating effectiveness of mRNA-based technology. Poor conditions or 

low viability of Huh7 cells could be responsible for low expression of GFP mRNA observed 

(Figure 3.8 C, D). 
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Figure 3.8: Comparison of Cap 0 and ARCA capping strategies and purification techniques 

for IVTed reporter mRNA. (A-D) Expression of reporter mRNA in different cell lines. Liver-

derived cells were transfected with IVTed GFP mRNA, and expression was evaluated by GFP 

fluorescence. (A)Trilink GFP mRNA positive control mRNA. (B) Reporter mRNA was IVTed 

using RiboMAX
TM

 Large Scale RNA Production System and co-transcriptionally capped with 

Promega Ribo m7G cap analogue (standard Cap 0) and purified using phenol extraction. (C-D) 

Reporter mRNA was IVTed using the IVTed RiboMAX
TM

 Large Scale RNA Production System 

and co-transcriptionally capped with ARCA analogue and purified by (C) phenol extraction and 

ethanol precipitation or (D) LiCl precipitation alone. Fluorescence microscopy was used to 

visualise cells. 
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The expression of GFP using ARCA Cap, highlighted the importance of the 5' cap for functional 

mRNA production. Despite the presence of GFP-positive cells, overall expression was low, 

indicating that IVT required further optimisation. To assess the effectiveness of the IVT method 

for RNA synthesis, a second reporter, the T7-VEE-FLuc IRES plasmid was utilised. This 

plasmid encodes firefly luciferase and employs an internal ribosomal entry site (IRES) for cap-

independent translation by allowing direct ribosomal binding at the IRES sequence (Godet et al., 

2019). Luciferase activity was measured to quantitatively evaluate IVT efficiency. The T7-VEE-

FLuc IRES plasmid was transcribed using the RiboMAX™ Large Scale RNA Production 

Systems-T7 (Figure 3.9 A), and Huh7 cells were transfected with TriLink GFP mRNA (negative 

control), TriLink FLuc mRNA (positive control), and IRES-FLuc mRNA. Luciferase activity 

was measured twenty-four hours after transfection and results showed luciferase expression was 

approximately 10.5 times higher in cells transfected with TriLink FLuc-mRNA compared to 

those with IRES FLuc-encoded mRNA (Figure 3.9 B). These results suggest that the 

RiboMAX™ Large Scale RNA Production Systems-T7 kit produces suboptimal RNA 

corroborating GFP expression results. 

In conclusion, purification and 5' cap analogue structure is essential for functional IVTed mRNA 

along with the method of IVT.  Indicating an alternative means of IVT is required.  

 

 

 

 

.  

 

 

 

 



Chapter 3-Results 

86 

 

 

 

 

          

Figure 3.9: In vitro assessment of cap-independent translation of IVTed FLuc reporter 

mRNA. (A) IRES-FLuc mRNA was IVTed using RiboMAX
TM

 Large Scale RNA Production 

System. Lane 1: MWM, RiboRuler HR RNA ladder. (B) Luminescence readings were obtained 

from Huh7 cells transfected with TriLink-FLuc mRNA, IRES-FLuc mRNA, and a negative 

control GFP mRNA twenty-four hours after transfection. Results were normalised to the 

negative control. All transfections were performed in triplicate (n = 3). Statistical significance is 

indicated by ***, which corresponds to p < 0.001, NS represents non-significant results.  
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3.3 Post-transcriptional capping of IVTed GFP and anti-HBV DEM 

mRNA  

3.3.1 Enhanced translation of IVTed GFP and anti-HBV DEM mRNA using post-

transcriptional capping strategies   

While IVTed mRNA with the Cap 0 is sufficient to initiate translation, in mammalian cells, 

mRNA undergoes further post-transcriptional modifications like 2′-O-methylation at position 2′ 

of ribose ring of the first nucleotide (Cap 1), and sometimes of the second nucleotide (Cap 2). 

The 2′-O-methylation in mRNA not only enhances the translation efficiency of IVT mRNA [26], 

but also prevents activation of the innate immune system [26]. TranscriptAid T7 High Yield 

Transcription Kit in conjunction with the Vaccinia Capping System was used to IVT and post-

transcriptionally cap GFP- and anti-HBV DEM-encoding mRNA.  

The Vaccinia Capping System has showed 90-100% capping efficiency compared to co-

transcriptional capping using the standard Cap 0 and ARCA analogues (Xu et al., 2020, 

Henderson et al., 2021). The pmRNA-GFP template was IVTed, and the resultant mRNA capped 

post-transcriptionally (Cap 0 and Cap 1) using the Vaccinia Capping System (Figure 3.10 A).  

Huh7 cells were transfected with the IVTed capped mRNA and GFP expression was evaluated 

twenty-four hours after transfection.  Results showed a significant improvement in expression of 

GFP mRNA with either Cap 0 or Cap 1 compared to expression observed with ARCA capped 

GFP mRNA (Figure 3.10 B). Results observed indicate expression levels nearly comparable to 

those observed with the TriLink GFP positive control. Results overall indicate an increase in the 

production of functional mRNA evident by the enhanced GFP expression. Unless stated 

otherwise, Cap 0 mRNA produced post-transcriptionally using the Vaccinia Capping System was 

used in further studies.  
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Figure 3.10:Comparison of Cap 0 and Cap 1 post-transcriptional capping strategies for 

reporter mRNA.  (A) pmRNA-GFP reporter was IVTed using T7 High Yield Transcription Kit 

and post-transcriptionally capped with Cap 0 or Cap 1 using the Vaccina Capping System, 

producing GFP mRNA of 967 bp in size. (B) GFP expression by capped mRNA. Expression was 

assessed in Huh7 cells twenty-four hours after transfection with IVTed Cap 0 or Cap 1 GFP 

mRNA, along with TriLink GFP mRNA. Fluorescence microscopy was used to visualise cells. 

 

 

 

A 

B 



Chapter 3-Results 

89 

 

3.3.2 Expression of IVTed dDEM mRNA when post-transcriptionally capped  

Due to the significant improvement in the expression of GFP IVTed mRNA, active and inactive 

pmRNA-SR, -SL, -CR, -CL, -PR, and -PL DEMs were IVTed using TranscriptAid T7 High Yield 

Transcription Kit and co-transcriptionally capped with Vaccinia Capping System (Cap 0). Huh7 

cells were transfected with either DEM mRNA individually or with TriLink FLuc mRNA which 

served as a mock transfection. TriLink GFP mRNA was used to assess transfection efficiency. 

Detection of HA-tag was assessed three hours after transfection. Fluorescence microscopy 

confirmed successful transfection evidenced by GFP expression after three hours. Results show 

detection of HA-tag in cells transfected with the control dDEMs (Figure 3.11 A). Results show 

detection in the cytoplasm and nucleus evident by the green fluorescence.  Detection of the HA-

tag in the cytoplasm was not unexpected as mRNA localises in the cytoplasm to be translated 

into protein. This protein is transported into the nucleus such as in the case of DEMs to carried 

out its function and therefore detection of HA expression in the nucleus was expected. In 

contrast, active DEM-encoded mRNA was comparable to the mock treated cells (Figure 3.11 B). 

Mock transfected cells, have mRNA that lack the HA-tag and therefore protein will simply not 

be detected.  Furthermore, some background staining can be observed with the active DEMs and 

mock transfected cells. 

Overall, the results indicate, TranscriptAid T7 High Yield Transcription Kit used in conjunction 

with the Vaccinia Capping System significantly improved IVTed mRNA evident by enhanced 

GFP protein expression and expression of HA-epitope of dDEM-encoded mRNA. The lack of 

expression from the active DEM-encoding mRNA could be attributable to the design of the 

transgene rather than IVT. This is mostly like due to the presence of the KRAB domain which 

present in the active DEMs, and not in the control dDEMs.  
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Figure 3.11: Immunofluorescence detection of IVTed active and control DEM mRNA in 

vitro.  GFP DNA expression was assessed to indicate transfection efficiency. 

Immunofluorescence staining of Huh7 cells transfected with FLuc mRNA (mock transfection) 

and individual active and inactive DEM mRNA was performed to examine expression of HA-tag 

in vitro. (A) Active DEMs (B) inactive dDEMs. A mouse anti-HA primary antibody, along with 

a fluorescently labelled goat anti-mouse secondary antibody, was used to detect the HA tag 

(green), while the nuclei were stained with DAPI (blue). Fluorescence microscopy was used to 

visualise cells at 20× magnification. 
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3.3.3 Expression of active anti-HBV DEM-encoded IVTed mRNA in cultured cells 

The difference between the active and inactive DEM-encoding plasmids is the presence of a 

single amino acid change in the DNMT3A domain and the lack of a KRAB domain sequence 

upstream of the TALE-DBD sequence in the inactive dDEM controls (Figure 1.9). The presence 

of KRAB domain sequence downstream of the HA-tag in the active pmRNA-DEM mRNA most 

likely could be affecting the folding of the HA-tag when IVTed thereby impairing detection of 

the HA-tag (Figure 3.11 A). As a result, re-cloning of the active pmRNA DEMs was performed 

to excise the KRAB domain sequence to further evaluate this hypothesis (Appendix 5.9.2, Figure 

5.8). Active pmRNA-SR, -CR and -PL DEMΔKRAB plasmids were generated (Appendix 5.9.2, 

Figure 5.8) and linearised by BbsI restriction digestion, producing a single band that indicates 

complete linearisation (Figure 3.12 A). Active DEMs without the KRAB domain was IVTed 

using TranscriptAid T7 High Yield Transcription Kit and co-transcriptionally capped using the 

Vaccina Capping System (Cap 0) (Figure 3.12 B).  
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Figure 3.12: Linearisation and IVT of active pmRNA-DEMΔKRAB plasmids.  (A).  

Linearisation of pmRNA- SR, -CR, and -PL DEMΔKRAB plasmids (each approximately 7731 

bp) was achieved through overnight digestion with BbsI, resulting in a single linearised band, as 

shown. (B). pmRNA- SR, -CR, and -PL DEMΔKRAB were IVTed using the T7 High Yield 

Transcription Kit and post-transcriptionally capped with the Vaccinia Capping System, resulting 

in Cap 0 mRNA (each approximately 3974 bp), as indicated by the single band. 
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Huh7 cells were individually transfected with SR, CR and PL DEMΔKRAB mRNA, TriLink 

FLuc mRNA (mock) and TriLink GFP mRNA. Immunofluorescence detection of the HA-epitope 

was performed three hours after transfection. Strong green immunofluorescence was observed, 

indicating the detection of the HA tag in the cytoplasm and nucleus of cells transfected with 

active DEMΔKRAB mRNA. In contrast, mock-treated cells showed no HA tag expression, as 

expected (Figure 3.13 A). These results were unexpected but demonstrated that removal of the 

KRAB domain restored detection of the HA-tag thus, verifying the hypothesis that the presence, 

in particular the location, of the KRAB domain in active DEMs influences detection of the HA-

tag. Based on the detection of expressed DEM mRNA in vitro for the first time, assessment of 

anti-HBV DEMΔKRAB transcriptional silencing of viral HBsAg was performed. Huh7 cells 

were initially transfected with HBV replication-competent cells followed by transfection of 

individual SR, CR or PL DEMΔKRAB mRNA, TriLink FLuc mRNA served as a mock 

transfection. Assessment of HBsAg expression at twenty-four hours after transfection revealed 

no significant difference between the mock and DEMΔKRAB mRNA transfected cells (Figure 

13.B). Indicating no silencing of the HBsAg was achieved by the active DEMs without the 

KRAB domain. This result was unexpected and contrary to the good expression of the 

DEMΔKRAB mRNA observed in Huh7 cells (Figure 13.A).  

These results support the notion that the DNMT domain alone may not be sufficient for gene 

silencing. Additionally, it could indicate that another functional element necessary for the IVT of 

mRNA is influencing the production of functional mRNA. 
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Figure 3.13: Evaluation of expression and functionality of post-transcriptionally capped 

Cap0 DEMs lacking the KRAB domain. (A) Immunofluorescence staining of Huh7 cells 

transfected with FLuc mRNA (mock transfection) and individual active DEMΔKRAB mRNA 

was performed to examine expression of HA-tag. In parallel, cells were transfected with TriLink 

GFP mRNA to determine transfection efficiency. Fluorescence microscopy was used to visualise 

cells at 20× magnification. (B) Huh7 cells were transfected with pCH-9/3091 replication 

competent plasmid followed by transfection of active DEMΔKRAB mRNA.  Transcriptional 
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silencing of HBsAg levels was assessed twenty-four hours after transfection. All transfections 

were performed in triplicate (n = 3). NS represents non-significant. 

 

3.4 Analysis of the functional elements present in pmRNA expression 

vector and IVTed mRNA 

3.4.1 Complete functional elements required for pmRNA DEM plasmid expression 

Systematic evaluation of several parameters including TALE sequence and poly(A) track of the 

DNA template was undertaken. BgII digestion of the TALE sequences extracted from the active 

pmRNA-DEMs (Figure 3.14 B) demonstrated the same expected banding pattern as TALE 

sequences from the original pVAX-CMV TALENs (Figure 3.14 A) confirming the TALE 

sequences are correct, therefore lack of functionality is not due to the DBD. Since the poly (A) 

tail of IVTed mRNA is dependent on the length of the poly(A) tract contained in the plasmid 

DNA, to confirm if the SR DEM plasmid contains the expected 52 adenine residues, the plasmid 

was sequenced (Figure 3.14 C). Results show the presence of 52 adenine residues constituting 

the intact poly(A) track.  
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Figure 3.14:Confirmation of TALE-DBD and poly(A) track in pmRNA-DEM expression 

plasmids.  (A) TALE-DBD domains were digested from (A) pVAX-CMV TALENs, the original 

vector from which the DBDs were obtained, and (B) active pmRNA-DEMs. The TALE-DBDs 

were digested with BgII, a comparison of the banding patterns confirmed the presence of the 

correct DBDs, as indicated by the banding pattern produced by the digested plasmid in (A). (C) 

Active pmRNA-SR DEM was sequenced using the universal primer M13 to confirm the 

C 
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pmRNA-SR DEM 
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presence of the poly(A) track. The chromatogram of pmRNA-SR DEM shows the presence of a 

52-nucleotide poly(A) track. 

3.4.2 Characterisation of anti-HBVDEM plasmids in vitro  

3.4.2.1 Expression of anti-HBVDEM plasmids in liver-derived cells  

The pmRNA-DEM plasmids were constructed to contain both T7 promoter for RNA synthesis 

and a CMV promoter for the assessment of the plasmid DNA before IVT. Initially, Huh7 cells 

were transiently transfected with individual plasmid DNA expressing the active with and without 

the KRAB domain and inactive DEMs. Transfection with the pUC118 plasmid served as the 

mock transfection.  In parallel a pmRNA-GFP transfection was used to evaluate transfection 

efficacy. Forty-eight hours after transfection, immunofluorescence detection of the HA epitope 

revealed strong expression of both the inactive DEMs and the active DEMΔKRAB plasmids in 

the nucleus and expression in the cytoplasm (Figure 3.15 A, C). Expression of DEM plasmid 

DNA in the nucleus is not unexpected, as once DNA is transcribed within the cell, the DEM 

RNA is translated in the cytoplasm before being transported into the nucleus to elicit its function. 

Detection of protein expression in the nucleus of DEM plasmid DNA transfected cells suggests 

that these active DEMs were successfully translated and transported to the nucleus.  These 

observations made with inactive DEM and active DEMΔKRAB expressed from DNA is 

consistent with observations made with DEM mRNA equivalents. Detection of HA-tag was 

observed in cells transfected with active DEM- encoding plasmids, albeit much lower compared 

to the inactive dDEM plasmid (Figure 3.15 B). This was an unexpected result as its mRNA 

equivalents were unable to show detection of HA-tag regardless of purification method, cap 

structure, and method of IVT.  
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Figure 3.15: Immunohistochemical detection of HA-tag expression from pmRNA-DEM 

plasmid DNA in active and inactive DEMs.  (A-C) GFP DNA expression was assessed to 

indicate transfection efficiency. Immunofluorescence staining of Huh7 cells transfected with 

FLuc mRNA (mock transfection), (A) inactive pmRNA-DEM, (B) active pmRNA-DEM, and 

(C) active pmRNA-DEMΔKRAB plasmids was performed to evaluate HA-tag expression. Cells 

were examined 48 hours post-transfection. Detection was achieved using a mouse anti-HA 

primary antibody and a fluorescently labelled goat anti-mouse secondary antibody (green), with 

nuclei stained by DAPI (blue). Fluorescence microscopy was conducted at 20× magnification. 
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3.4.2.2 Transcriptional silencing of HBsAg mediated by anti-HBV DEM-encoding plasmid 

DNA without inducing toxicity 

Anti-HBV active DEMs (pmRNA-DEMs) with and without the KRAB domain (pmRNA-

DEMΔKRAB) plasmids or pUC118 which served a mock control were individually co-

transfected with HBV replication-competent pCH-9/3091 plasmid into Huh7 cells to confirm 

functionality of anti-HBV DEMs. Significant transcriptional silencing of viral HBsAg was 

observed active DEMs with KRAB domain, PR and PL DEMs, showing approximately 48% and 

41% reduction.  The SR and SL DEMs achieved 24% and 36% reduction, while CR and CL 

DEMs caused 36% and 22% reduction (Figure 3.16 A). These results suggest active DEM with 

the KRAB domain, in particular C and P DEMs are causing repression over a long distance since 

these DEMs do not directly target the S ORF responsible for the production of HBsAg. The P 

DEMs targets enhancer I while C DEMs are in close proximity to preS1 promoter. This indicates 

that the pre-S1 and pre-S2 promoters are being silenced, as they are responsible for translation of 

L, M, S viral protein making up the surface HBsAg.  Results also suggest that possible 

methylation of CpG II and CpG III could be occurring based on the location of the CpG islands. 

Furthermore, targeting of enhancer I has demonstrated reduction in HBsAg in other studies 

(Zhao et al., 2013, Luo et al., 2018). Interestingly, no reduction in HBsAg was observed with the 

active plasmid DEMs without the KRAB domain (Figure 3.16 B) collaborating what was 

observed with its mRNA equivalents. Reduction of HBsAg levels was due to the function of the 

DEMs and not a result of cellular toxicity as there was no difference in cell viability between all 

active anti-HBV DEM transfected cells and the untransfected cells (Figure 3.16 C, D).  

Overall, the results indicate that the pmRNA-pA plasmid with the cloned active DEM transgene 

sequences with the KRAB domain can be expressed and effectively cause targeted 

transcriptional repression of HBV replication, without negatively affecting cell viability.  
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Figure 3.16: Plasmid DNA encoding anti-HBV DEMs achieve transcriptional repression 

without cellular toxicity.  (A-B) The efficacy of active pmRNA-DEMs and pmRNA-

DEMΔKRAB DNA was evaluated in Huh7 cells co-transfected with the HBV replication-

competent pCH-9/3091 plasmid. HBsAg levels were assessed 48 hours post-transfection. (C-D) 

To evaluate the potential toxicity associated with active pmRNA-DEMs and pmRNA-

DEMΔKRAB, an MTT assay was conducted 48 hours after mRNA transfection. DMSO served 

as the positive control, while untransfected cells acted as the negative control. All transfections 

were performed in triplicate (n = 3), and data were normalised to the untransfected control. 

Statistical significance is indicated by ***, corresponding to p < 0.001; NS represents non-

significant results.  
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3.4.3 Confirmation of the poly (A) tail in IVTed DEM mRNA 

Since the poly (T) tract was intact within the DEM plasmids before IVT, shortening of the poly 

(A) tail on the mRNA was assessed by 3’ RACE. Shortening of the poly (A) tail would affect the 

stability and half-life of mRNA. This methodology allows for accurate determination of the 

sequence of the 3' end of mRNA transcripts. Active SR DEM was IVTed using TranscriptAid T7 

High Yield Transcription Kit and co-transcriptionally capped using the Vaccina Capping System. 

IVTed SR DEM mRNA was converted to cDNA using an oligo-dT adapter primer which binds 

the poly (A) tail region on mRNA. This is followed by RNA template degradation by RNase H 

activity of the reverse transcriptase. Thereafter, amplification was performed using a DEM 

specific forward primer and abridged universal amplification reverse primer (AUAP). The AUAP 

primer binds the homologous region of the oligo-dT adapter primer that was used for first strand 

cDNA synthesis (Figure 3.17 A). Results show a single band at the 223 bp indicating 

amplification of the poly (A) tail (Figure 3.17 B).  The DEM forward primer binds at the end of 

the 3’ of the DNMT3L which is located upstream of the poly (A) track and amplifies through to 

the poly (A) tail. Therefore, the total size of the PCR includes the 52 adenine residues (Figure 

3.17 B).  The PCR products were excised and sequenced. Sequencing results show the presence 

of stretch of adenine (A) residues at the end of the sequence confirming presence and length of 

the poly-A tail (Figure 3.17 C). Length was 60 adenine residues because mRNA was 

polyadenylated which was carried out before 3’ RACE on IVTed mRNA.  

After confirming the presence of a poly(A)tail on the mRNA, IVTed SR DEM RNA was 

transfected into Huh7 cells to determine whether the tail length is shortened upon introduction 

into the cellular environment. Total RNA was extracted and reverse transcribed and amplified as 

previously described. Additionally, alongside SR DEM cDNA, pmRNA-SR DEM DNA was 

amplified using DEM specific forward primer (Figure 3.17 D) and pA reverse primer that is 

designed to bind downstream of the poly (A) track (Figure 3.13E). This control compares the 

amplified plasmid DNA with the cDNA to determine whether the poly(A) tail of the mRNA is 

shortened or maintained after transfection. Results shows amplicon sizes of the SR DEM cDNA 

at the expected 223 bp, while for the pmRNA-SR DEM DNA at 243 bp and a higher top band 

indicated by the arrow which could be a result of the addition of too much pDNA. Since this 

fragment is large it affects its migration and therefore is seen at the top of the agarose gel. 
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pmRNA-SR DEM DNA has a slightly larger amplicon size compared to cDNA, which is 

expected since it binds immediately downstream of the poly(A) track in the plasmid DNA. 

Therefore, this degradation is not affecting the stability of SR DEM mRNA, additionally a 

minimum poly(A) tail length of 30 adenine residues is required for mRNA synthesis.   

Results overall show the transgene sequences in the plasmid DNA are functional evident by the 

silencing of viral surface antigen by all pmRNA-DEM DNA. Furthermore, intact poly(A) track 

was confirmed in the plasmid before IVT. Additionally, the poly(A) was confirmed to be present 

in IVTed mRNA, as well as after the RNA is transfected into cells. This indicates other factors 

could be affecting the stability and even translatability of the IVT mRNA.  
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Figure 3.17: Analysis of the poly (A) tail in IVTed mRNA.  (A) 3’ RACE schematic, the 

adapter primer (AP) binds at the mRNA poly(A) tail on mRNA and is extended by reverse 

transcription to produce the first strand of cDNA. RNase H activity removes the original mRNA 

template. The cDNA is then amplified directly using a DEM-specific primer and the abridged 

universal amplification primer (AUAP) which is homologous to the AP sequence used in the 

initial cDNA synthesis. (B) PCR amplification of cDNA using DEM and poly (A) track specific 

primers. (C) Sequencing of cDNA to confirm the length of the 3’ poly (A) track after IVT. (D) 

IVTed SR DEM mRNA was transfected into Huh7 cells and total RNA extracted and converted 

to cDNA using 3’ RACE. PCR was performed on SR cDNA and SR DEM plasmid DNA. 
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3.5  Influence of IVT methods, modified nucleotides, Cap analogue 

structures, and dsRNA removal on mRNA efficacy 

3.5.1 Enhanced reporter mRNA efficacy  

A limitation of using IVTed mRNA is its potential to stimulate the innate immune response. 

Unmodified IVTed mRNA can induce an immune response that inhibits the expression of the 

mRNA. This effect is reduced when modified nucleotides are incorporated into the mRNA. The 

use of modified nucleotides not only inhibits immune recognition, prevents degradation and 

clearance, and increases translation efficiency, but it has also been shown to reduce the formation 

of dsRNA byproducts during IVT (Karikó et al., 2008). dsRNA produced during IVT is highly 

immunogenic and can trigger a strong immune response, leading to the production of pro-

inflammatory cytokines impacting the stability and translation of mRNA. To circumvent immune 

stimulation by IVTed mRNA, the modified nucleotide pseudouridine (ψ) was incorporated 

during the transcription process. Additionally, to optimisation the IVT protocol further, the IVT 

reactions was performed using NEB individual components instead of the TranscriptAid T7 High 

Yield Transcription Kit as different IVT conditions have been shown to improve the quality of 

mRNA (Popova et al., 2024). TriLink IVT buffer was in conjunction with TriLink CleanCap® 

AG (Cap 1) as studies have demonstrated enhanced production of mRNA with TriLink 

CleanCap® AG cap analogue. After IVT, cellulose-based chromatography was employed to 

further ensure the removal of dsRNA contaminants.  

Two mRNA reporters were initially used to assess if the various modifications improve quality 

and translation of mRNA. pmRNA-GFP was linearised by BbsI restriction digestion (Figure 3.7 

A) while pT7-Luc 2, a second RNA expression platform expressing firefly luciferase (FLuc), 

was linearised by BsaI restriction digestion (Figure 3.18 A).  Both vectors were completely 

linearised as evident by the single bands. IVTed GFP-mRNA and Luc2-mRNA were either post-

transcriptionally capped using Vaccinia Capping System (Cap 0) or co-transcriptionally IVTed 

with TriLink CleanCap® AG (Cap 1). IVTed mRNA was subjected to cellulose-based 

chromatography for removal of dsRNA (Figure 3.18 B-C). Cellulose-treated GFP and Luc2 

mRNA were transfected in Huh7 cells to analyse the influence of various modifications on 

protein expression. Twenty-hours after transfection, expression of GFP mRNA was assessed by 
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fluorescence imaging while luciferase assay used to evaluate Luc2 mRNA expression. 

Fluorescence imaging demonstrated enhanced improvement in GFP expression when cellulosed 

purified compared to non-cellulose purified mRNA (Figure 3.18 C), and this effect was further 

improved when mRNA was co-transcriptionally capped with TriLink CleanCap® AG (Figure 

3.18 C). These observations were further validated with quantitative results from luciferase assay 

which showed higher expression of Luc2-mRNA using CleanCap® AG compared to Vaccinia-

capped Luc 2 mRNA (Figure 3.18 E). The quantitative results demonstrate significantly higher 

expression of TriLink FLuc mRNA compared to in-house produced FLuc mRNA, even after 

optimised IVT and purification. This difference is attributed to the high purity of TriLink FLuc 

mRNA, which results from extensive chromatographic purification, thus validating the 

importance of well-optimised processes for producing effective IVTed mRNA. 

In summary the results reveal incorporation of modified nucleotides, cellulose purification and 

co-transcriptional capping of IVT mRNA led to increased protein expression and therefore was 

included for further DEM mRNA experiments. 
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Figure 3.18: Effects of modified nucleotides, purification, and capping strategies on IVTed 

mRNA.  (A) pT7-Luc2 was linearised with BbsI overnight prior to IVT. (B-C) pmRNA-GFP 

and pT7-Luc2 mRNA was IVTed using 100% ψ and NEB individual IVT components. The 

mRNA was either post-transcriptionally capped (Cap 0) using the Vaccinia Capping System or 

co-transcriptionally capped with TriLink CleanCap® AG and subsequently purified using 

cellulose. (D) Analysis of GFP expression, GFP-mRNA variants, including Vaccinia-capped, 

Vaccinia-capped and cellulose-purified, CleanCap® AG, and CleanCap AG cellulose-purified 

mRNA, were transfected into Huh7 cells. GFP expression was assessed twenty-four hours after 

transfection to evaluate the effect of different capping and purification methods (E) 

Luminescence from Huh7 cells transfected with TriLink-FLuc mRNA, Luc2-mRNA variants 

Vaccinia-capped, Vaccinia-capped and cellulose-purified, CleanCap® AG, and CleanCap AG 

cellulose-purified, and a negative control mRNA was measured twenty-four hours post-

transfection. Statistical significance is indicated by *** (p < 0.001). 
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3.5.2 Transcriptional repression of HBsAg secretion by anti-HBV DEM mRNA 

Based on the preceding results achieved with reporter mRNA, active pmRNA-DEMs were 

IVTed using NEB individual components for IVT, TriLink buffer, complete substitution of 

uridine with ψ and RNA was co-transcriptionally capped with TriLink CleanCap AG (Figure 

3.19 A). Following IVT of DEM mRNA, RNA was cellulosed purified. To evaluate the efficacy 

of IVTed DEM-mRNA on transcriptional silencing of viral replication, Huh7 cells were initially 

transfected with an HBV replication competent pCH-9/3091 plasmid, this was followed by 

transfection of each respective individual SR, SL, CR, CL, PR and PL DEM mRNA or Luc2-

encoded mRNA which served as the mock transfection. Twenty-four hours after transfection 

supernatants of HBsAg levels was assessed using ELISA.  

Results show HBsAg was significantly reduced compared to mock-treated cells for the first time 

when IVTed anti-HBV DEMs were used (Figure 3.19 B). Statistically significant silencing of 

8%, 11% and 23 % was achieved with CR, CL and PL DEM-encoding mRNA. The lack of 

repression by the S DEMs was unexpected as anti-HBV S DEM expressed from plasmid DNA 

was able to show reduced serum concentration of HBsAg by 90%. The reduced HBsAg by 

previously discussed CR, CL and PR-encoding mRNA suggests that these DEMs are silencing 

the preS1 and preS2 promoters inhibiting the production of viral surface protein.  Results also 

suggests that possible methylation of CpG II and CpG III could be occurring. This is because the 

P DEM targets the P ORF and enhance I, this region overlaps with CpG II, while the C DEM 

targets the C ORF, which is situated close to the Sp1 promoter and overlaps with CpG III. The 

reduced HBsAg secretion observed was not due to cytotoxicity as demonstrated by no difference 

in cell viability of cells transfected with DEM mRNA and untransfected cells (Figure 3.19 C).   

In conclusion, IVT with NEB components, modified nucleotide ψ, TriLink CleanCap® AG, and 

cellulose-based purification improved DEM protein expression by reducing mRNA 

immunogenicity and increasing stability. DEM expressed from mRNA was able to achieve 

transcriptional repression of HBV; however, its expression was significantly lower compared to 

its DNA counterparts. Furthermore, the TriLink FLuc mRNA enhanced expression compared to 

Luc2 mRNA indicates that further optimisation of the IVT process is necessary to enhance 

efficacy of in house IVTed mRNA. 
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Figure 3.19: Effects of modified nucleotides, purification, and capping on IVTed DEM 

mRNA.  (A) pmRNA-DEMs were IVTed with 100% ψ substitution and using NEB individual 

IVT components. The mRNA was co-transcriptionally capped with TriLink CleanCap® AG and 

subsequently purified using cellulose purification (B) Effects of IVTed DEM mRNA on HBsAg 

expression was evaluated after twenty-four hours after transfection into Huh7 cells. (C) To 

assess potential DEM mRNA cytotoxicity, an MTT assay was conducted twenty-four hours after 

transfection of mRNA. DMSO served as the positive control while untransfected cells acted as 

the negative control. All transfections were performed in triplicate (n = 3), and data were 

normalised to the untransfected control. Statistical significance is represented by, * indicates p< 

0.05 and ***indicates p< 0.001. 
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3.6 Utilisation of second mRNA expression vector: pT7-(AG) 

The limited transcriptional silencing of DEM mRNA expressed from the pmRNA expression 

vector suggests that this vector may be inefficient for expressing more complex transgene 

sequences. In contrast, simpler transgene reporter sequences like GFP were effectively expressed 

from the same pmRNA expression cassette. This indicates that while less complex sequences can 

be successfully expressed, more complex transgenes like DEM face challenges. Notably, the 

DEM DNA counterparts were functional and successfully reduced HBsAg levels, highlighting 

the functionality of the therapeutic potential of DEMs.  As a result, a second mRNA expression 

vector termed pT7-(AG) was employed. The pT7-(AG) expression vector was used to encode 

several transgene mRNA sequences producing favourable results regardless of the specific 

sequence employed (unpublished work by Dr Kristie Bloom). Structurally the pT7-(AG) plasmid 

differs from the pmRNA in several aspects, as it contains different (i) regulatory 5’ and 3’ UTRs 

sequences, (ii) poly A tract of 120 bases and (iii) inclusion of four stop codons downstream of the 

transgene. Based on this, active DEM and DEMΔKRAB transgenes were cloned into the pT7-

(AG) plasmid. The pT7-(AG) plasmid was designed in such a way as to allow any transgene 

sequence can be cloned into the mRNA expression plasmid however, this required a fragment 

sequence to be designed with the relevant restriction enzyme sites to be subcloned into pT7-(AG) 

plasmid for downstream cloning.  

The ECS-fragment was designed with the same 5' UTR sequence as pT7-(AG) and included an 

upstream NdeI restriction site for convenient cloning. It is also designed to contain XhoI, Apal, 

and BamHI sites for inserting HA-tag and DEM transgene sequences, followed by four stop 

codons and BsaI type IIS sites downstream to generate complementary overhangs for Esp3I 

overhang present in the pT7-(AG) backbone (Chapter 2, Figure 2.4). The ECS-fragment was 

synthesised by GenScript in a pUC57 mini plasmid, termed pUC57-ECS (Appendix, Figure 5.9). 

After double digestion with NdeI and BsaI, the pUC57-ECS plasmid yielded an insert of 498 bp 

(Appendix, Figure 5.10), while the pT7-(AG) plasmid produced a 3133 bp fragment for ligation 

of insert (Appendix, Figure 5.11). The ECS-fragment was then subcloned into the pT7-(AG) 

backbone, generating the pT7(AG)-ECS 4×S plasmid. Screening with ApaI, AvaII, BamHI, XhoI, 

BglI, and NdeI confirmed successful subcloning with the expected banding patterns (Appendix, 

Figure 5.11 A) 
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3.6.1 Generation of pT7(AG)-DEM 4× S constructs 

The pT7(AG)-ECS 4×S plasmid, containing the necessary restriction sites for cloning DEM 

transgene sequences, served as the final destination backbone. After double digestion with Esp3I 

and Apal, the plasmid yielded a 3610 bp backbone fragment (Appendix, Figure 5.11 B). In 

separate reactions, six active pmRNA-SR, -SL, -CR, -CL, -PR and -PL DEM plasmids double 

digested with NcoI and Xhol yielded 680 bp band corresponding to HA-KRAB with a short 

section of the TALE HA-KRAB-TALE (TALE 362 bp) (Appendix, Figure 5.12). While digestion 

with XbaI and ApaI excised 3640 bp band corresponding to TALE-DNMT-encoding sequences 

(Appendix, Figure 5.13), which were ligated into the pT7(AG)-ECS 4×S plasmid. This produced 

pT7(AG)-DEM 4×S plasmids (pT7(AG)-SR, -SL, -CR, -CL, -PR and -PL DEM 4×S) (Figure 

3.20). Screening with NcoI, XhoI, NheI, and XbaI confirmed successful cloning with expected 

banding patterns achieved with all six DEMs (Figure 3.20).  Active SR, SL and PL DEM without 

the KRAB domain expression from pT7-(AG) was generated and termed pT7(AG)-

DEMΔKRAB 4×S (pT7(AG)-SR, -SL, and -PL DEMΔ KRAB4×S) (Appendix 5.9.3, Figure 

5.14). 

The constructed plasmids, pT7(AG)-DEM 4×S and pT7(AG)-DEMΔKRAB 4×S plasmids are 

schematically represented in Chapter 2, Figure 2.6.  The plasmids have a total size of 7930 bp 

and 7725 bp, respectively. Similar to the pmRNA expression plasmids, both plasmids contain a 

CMV promoter/enhancer driving protein expression, a T7 promoter for mRNA synthesis, and an 

HA sequence followed by an SV40 nuclear localization signal. Both plasmids contain necessary 

sequence elements for IVT and intracellular translation, including a 5' UTR with Kozak 

sequence, 3' UTR, poly(A) tract, four stop codons after transgene sequence and a BbsI restriction 

site for plasmid linearisation.  The constructed pT7(AG)-DEM 4×S plasmids were sequenced to 

ensure the transgene sequences were present and did not contain any mutated sequences 

(Appendix Table 5.6, Figure 5.16- S1.18). 
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Figure 3.20: Confirmation of active pT7(AG)-DEM 4×S plasmid DNA by enzymatic digestion. (A) Active pT7(AG)-DEM 4×S 

plasmids were constructed by inserting KRAB and TALE domain-encoding sequences, along with DNMT domain-encoding 

sequences, into the pT7(AG)-ECS 4×S RNA expression vector. (B) Restriction digestion of active pT7(AG)-DEM 4×S plasmids with 

NcoI and XhoI produced expected bands of 5040 bp, 680 bp, 330 bp, 248 bp, and 102 bp (indicated by arrows). While digestion with 

NheI and XbaI yielded bands of 3336 bp, 2790 bp, 1471 bp, and 333 bp, with the 333 bp band confirming the presence of the KRAB 

domain. Lane 1 shows the molecular weight marker (O’GeneRuler DNA Ladder Mix).  
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3.7  Characterisation of pT7(AG)-DEM 4×S plasmids in vitro  

3.7.1 Expression of anti-HBV DEM-encoding plasmids in cultured cells  

Initially, pT7(AG)-DEM 4×S plasmid DNA expression, anti-HBV efficacy and cytotoxicity was 

assessed in cultured liver-derived Huh7 cells before IVT of DEMs. To evaluate pT7(AG)-DEM 

4×S constructs with and without the KRAB domain expression, Huh7 cells were transiently 

transfected with plasmid DNA consisting of either pT7(AG)-SR, -SL, -CR, -CL, -PR and -PL 

DEM 4×S or pT7(AG)-SR, -SL and -PL DEMΔKRAB 4×S plasmids as well as reporter plasmids 

pT7-mCherry which served as the negative control(mock). Additionally, pT7-mCherry also 

served to assess transfection efficiency, mCherry expression indicated good DNA transfection 

efficiency (Figure 3.21). Expression was observed in both the cytoplasm, with the majority in the 

nucleus of cells transfected with anti-HBV DEM DNA with (Figure 3.21 A) and without KRAB 

domain (Figure 3.21 B) compared to the mock (pT7-mCherry) transfected cells. These results 

align with observations made with anti-HBV DEMs expressed in pmRNA-pA vectors (Figure 

3.15 A, B).  
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Figure 3.21:Immunofluorescence detection of pT7(AG)-DEM 4×S plasmid DNA in vitro.  

Immunofluorescence staining of Huh7 cells transfected with pT7-mCherry DNA (mock 

transfection) and individual active DEM DNA with or without KRAB domain was performed to 

examine expression of HA-epitope in vitro. (A) pT7(AG)-DEM 4×S (B) pT7(AG)-DEMΔKRAB 

4×S. In parallel, cells were transfected with pT7-mCherry served to determine transfection 

efficiency. A mouse anti-HA primary antibody in conjunction with a fluorescently labelled goat 

anti-mouse secondary antibody was used for detection of HA-tag (green), while the nuclei were 
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stained with DAPI (blue). Fluorescence microscopy was used to visualise cells at 20× 

magnification. 

3.7.2 Plasmid DNA expressing anti-HBV DEM from the pT7(AG)-DEM 4× S 

vector shows no cytotoxicity 

Before evaluating efficacy of DEMs at transcriptionally silencing viral surface antigen, a marker 

of HBV replication, an MTT assay was preformed to assess whether DEM expressed from DNA 

induces any cytotoxic changes within cells after transfection. Huh7 cells were co-transfected 

with individual pT7(AG)-SR, -SL, -CR, -CL, -PR and -PL DEM 4×S plasmid DNA and with 

pCH-9/3091, and the results showed no significant difference in cell viability between 

untransfected, mock-transfected, and DEM plasmid -transfected cells, indicating no cytotoxicity 

was induced (Figure 3.22 A). When assessing transcriptional repression, a significant reduction 

in HBsAg expression mediated by pT7(AG)-SR, -SL, -CR, -CL, -PR, and -PL was observed, 

with decreases of 44%, 74%, 69%, 56%, 46%, and 80%, respectively. (Figure 3.22 B). Notably, 

SL and PL DEMs showed the most substantial reduction in surface antigen concentrations, and it 

is most likely these DEMs are silencing the key regulatory elements such as pre-S1 and pre-S2 

promoters, enhancer I and could be causing methylation of CpG islands, inhibiting the 

production of viral surface protein. These findings suggest that pT7(AG)-DEM 4×S plasmid 

DNA, particularly pT7(AG)- SL and PL DEMs, are effective in silencing HBV surface proteins, 

and the observed reductions are not due to cytotoxic effects.  
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Figure 3.22: Anti-HBV DEM DNA expressed from the second RNA expression vector.  Huh7 cells were co-transfected with the 

pCH-9/3091 replication-competent plasmid and pT7(AG)-DEM 4×S plasmids. (A) An MTT assay was performed, with DMSO 

serving as the positive control; data were normalised to the untransfected control. (B) An ELISA demonstrated that DEM-encoding 

plasmids mediated a significant reduction in viral surface HBsAg after transfection. Both assays were performed forty-eight hours 

after transfection in triplicate, and error bars indicate the SEM (n=3). Statistical significance is indicated as follows: ** p<0.01; *** 

p<0.001. 
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3.7.3 Anti-HBV DEM mRNA produced from the pT7-DEM 4× AG vector 

effectively mediates the expression  

Active pT7(AG)-DEM 4×S plasmids (Figure 3.23 A) were linearised by BbsI restriction 

digestion, while pT7-mCherry (Figure 3.23 B) was linearised by BsaI restriction digestion. DNA 

templates linearised using BbsI were highly efficient as complete linearisation occurred as 

indicative by the presence of a single band for each respective DEM DNA template (Figure 3.23 

A). Whereas linearisation-using BsaI was less efficient as some smearing of the pT7-mCherry 

DNA can be observed nonetheless a single band is present (Figure 3.23 B).   

Anti-HBV pT7(AG)-DEM 4×S (Figure 3.23 C) and reporter-encoding plasmids (pmRN-eGFP, 

pT7-Luc2, and pT7-mCherry) (Figure 3.23 D) were IVTed using NEB individual components 

with TriLink AG buffer, 100% modified nucleotides were incorporated using ψ. All transcribed 

RNA were co-transcriptionally capped using TriLink CleanCap® AG, purified using cellulose-

based chromatography after IVT ensuring removal of contaminating dsRNA, and recovered 

using LiCl precipitation. Agarose gel electrophoresis indicates single IVTed mRNA products 

were obtained for each respective active DEM, Luc2 and eGFP–encoding mRNA indicating 

successful IVT at the expected sizes. While two additional bands can be seen with the mCherry 

mRNA indicating poor IVT however, the main prominent band is present at the correct size of 

708 bp (Figure 3.23 D).  
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Figure 3.23:Linearisation and IVT of pT7(AG)-DEM 4×S and reporter pT7-mCherry 

encoding plasmids.  (A) Active pT7(AG)-DEM 4×S plasmid DNA were linearised by BbsI 

restriction digestion while (B) pT7-mCherry plasmid linearised by BsaI restriction digestion. 

Lane 1: MWM, Molecular weight marker (O’GeneRuler DNA Ladder Mix). (C-D) IVTed RNA 

(C) pT7(AG)-DEM 4×S and (D) reporter DNA, pT7-Luc 2, pmRNA-GFP and pT7-mCherry. 

IVT reaction included complete substitution of uridine with ψ and was co-transcriptionally 

capped with TriLink CleanCap® AG. Transcribed RNA was cellulose-purified and recovered 

with LiCl precipitation. IVTed mRNAs were visualised by 1% agarose gel electrophoresis. Lane 

1: MWM, RiboRuler HR RNA ladder.   
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3.7.4 Immunohistochemical detection of HA-tag from active DEM mRNA 

expressed from the pT7(AG)-DEM 4×S vector  

When active anti-HBV DEMs were expressed using the pmRNA system in cultured cells, no 

HA-tag expression was detected (Figure 3.11 A). However, removing the KRAB domain restored 

HA-tag detection and enhanced expression compared to mock-transfected cells (Figure 3.13 A). 

Consequently, the expression of active DEMs with and without the KRAB domain (pT7(AG)-

DEM 4×S and pT7(AG)-DEMΔKRAB 4×S) was analysed using immunohistochemistry. 

Huh7 cells were transfected with various pT7(AG)-DEM 4×S-encoded mRNAs with (Figure 

3.24 A) or without KRAB domain (Appendix, Figure 5.19). Cells transfected with mCherry 

mRNA served as a negative control for immunohistochemistry and for evaluating transfection 

efficiency. Fluorescence microscopy confirmed successful transfection evident by mCherry 

expression. Results showed no significant difference between the mock mCherry-transfected 

cells, which exhibited no detection of HA-tag, and active IVTed DEMs containing the KRAB 

domain (Figure 3.24 A). However, the removal of the KRAB domain in pT7(AG)-DEM 4×S 

restored detection of DEM-mRNA expression in liver-derived cells, showing strong expression 

compared to mock-transfected cells (Appendix, Figure 5.19). These findings align with 

observations from IVTed DEMs expressed from the pmRNA-pA backbone. Since a monoclonal 

primary mouse anti-HA antibody was used to detect the HA-tag and monoclonal antibodies are 

known for their specificity in binding a single epitope, a polyclonal anti-HA antibody, which can 

recognise and bind to a broader range of epitopes, was employed for the immunohistochemical 

detection of HA-tag. The results reveal, for the first time, the detection of the HA-tag in all active 

DEMs containing the KRAB domain. Strong expression was observed in all DEMs except for 

the CR DEM, with the majority of the expression localised in the nucleus, as expected for DEMs 

to perform their functions (Figure 3.24 B). These results support the theory that some HA-tag 

epitopes may be obscured, affecting detection with monoclonal antibodies compared to 

polyclonal antibodies, as monoclonal antibody was able to detect the HA-tag expression with 

active DEM plasmid DNA with the KRAB domain not when it is IVTed, indicating there’s a 

distinction between folding of IVTed mRNA and in situ mRNA. 
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Figure 3.24: Immunofluorescence Detection of Active DEM mRNA in Huh7 Cells.  Huh7 

cells were transfected with either mCherry mRNA (mock) or active DEM mRNA to examine 

HA-epitope expression. (A) Monoclonal mouse anti-HA antibody with a fluorescently labelled 

goat anti-mouse secondary antibody; (B) Polyclonal rabbit anti-HA antibody with a fluorescently 

labelled goat anti-rabbit secondary antibody. Transfection efficiency was assessed using pT7-

B 

A 
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mCherry. HA-tag detection (green) utilised anti-HA antibodies, and nuclei were stained with 

DAPI (blue). Fluorescence microscopy was performed at 20× magnification 

3.8  Anti-HBV DEM mRNA expressed from the pT7(AG)-DEM 4×S 

vector effectively mediates transcriptional silencing of HBV 

3.8.1 Active DEM mRNA mediates transcriptional silencing of HBV viral surface 

proteins 

To assess whether incorporating anti-HBV DEMs into the new RNA expression system 

improved IVTed mRNA quality, efficacy of anti-HBV IVTed DEMs mRNA in cultured cells was 

evaluated. Several studies have shown that pseudouridine (ψ), N1-methylpseudouridine (m1ψ), 

and 5-methoxyuridine (5moU) enhance mRNA functionality (Karikó et al., 2008, Andries et al., 

2015, Moradian et al., 2022). To optimise IVTed DEM mRNA expression, these modifications 

were included in IVT reactions (Appendix, Figure 5.20 A). Huh7 cells were initially transfected 

with the HBV replication-competent plasmid pCH-9/3091, followed by individual transfections 

of pT7(AG)-SR, -SL, -CR, -CL, -PR, and -PL DEM 4×S-encoding mRNA. Luc2 mRNA was 

used as a negative control. An ELISA was conducted twenty-four hours after transfection. 

Results show transcriptional silencing of HBsAg was achieved with all IVTed anti-HBV DEM 

containing all the modified nucleotides (ψ, m1ψ, and 5moU). Anti-HBV DEM mRNA IVTed 

with ψ reduced HBsAg the greatest, reducing expression by 42%, 53%, 41%, 31%, 42%, and 

60% compared to the control (Figure 3.25 A). In comparison, DEM mRNA IVTed with m1ψ 

achieved reductions of 49%, 56%, 24%, 13%, 45%, and 44% in HBsAg levels compared to the 

control (Figure 3.25 B).  This contrasts with previously reported studies indicating a significant 

increase in mRNA functionality with m1ψ (Andries et al., 2015). DEM mRNA IVTed with 

5moU achieved the lowest reduction in surface antigen compared to the other modified 

nucleotides, with reductions of 24%, 40%, 32%, 21%, 44%, and 26% in HBsAg levels (Figure 

3.25 C). Interestingly, regardless of the modified nucleotide used to in vitro transcribe DEM 

plasmid DNA, PL DEM showed the greatest reduction in viral surface protein, followed by SL 

DEM. Furthermore, CL DEM mRNA, when IVTed with m1ψ and 5moU modifications, showed 

no significant reduction in surface antigen levels. This lack of reduction observed with CL DEM 

mRNA could be due to errors that occurred during the IVT process for this specific DEM. 
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Overall, the results demonstrate that ψ was more effective at reducing HBsAg levels compared to 

m1ψ, which differs from previously published results (Andries et al., 2015) that reported m1ψ-

containing mRNA outperformed ψ and 5moU-containing mRNA. 

Additionally, to further improve the transcriptional silencing effect on surface antigen, double 

transfection of DEM mRNA was performed. DEM mRNA was IVTed with complete substitution 

of uridine with ψ, as this modification achieved the greatest silencing of viral surface protein. 

Huh7 cells were first transfected with the replication-competent pCH-9/3091 plasmid, followed 

by two rounds of transfection with DEM mRNA approximately 6 hours apart. HBsAg was 

assessed twenty-four hours after transfection. An enhanced reduction of HBsAg of 78%, 81%, 

74%, 70%, 79%, and 84% was achieved by SR, SL, CR, CL, PR, and PL DEM compared to the 

mock-transfected mRNA (Figure 3.25 D). The double transfection of DEM improved the 

reduction of surface antigen across all DEMs. Evaluating the therapeutic activity of DEM mRNA 

in this model has been challenging due to the high levels of surface antigen expressed by the 

HBV replication-competent pCH-9/3091 plasmid. Assessing HBsAg beyond twenty-four hours 

was problematic because the plasmid continuously expresses high levels of surface antigen, well 

reduction of 5%, 10%, 4%, 4%, 2%, and 8% was achieved by SR, SL, CR, CL, PR, and PL DEM 

at forty-eight hours, results demonstrated diminished transcriptional silencing (Appendix, Figure 

5.20 B). 

Overall, the results suggest that all DEMs influence protein production, likely by affecting the 

pre-S1, pre-S2 promoters, and enhancer I, as previously mentioned. Additionally, expressing 

DEM mRNA from the pT7-(AG) expression vector allowed IVTed mRNA to achieve greater 

efficacy compared to its DNA equivalents following double transfection. These findings align 

with previous studies demonstrating the significance of the 5' and 3' UTRs of mRNA, as well as 

the length of the poly(A) tail, in influencing mRNA stability and translational efficiency. 
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Figure 3.25: Transcriptional silencing of HBsAg by anti-HBV DEM mRNA expressed from the 

pT7(AG)-DEM 4×S vector.  DEMs were IVTed with a complete substitution of uridine using 

(A) ψ, (B) m1ψ, and (C) 5moU. The efficacy of DEM mRNA was evaluated in Huh7 cells 

transfected with an HBV replication-competent pCH-9/3091 plasmid. Huh7 cells transfected 

with pUC118 served as a control. HBsAg levels were assessed twenty-four hours after a single 

mRNA transfection (A-C). (D) The efficacy of DEM mRNA, fully substituted with ψ, was 

evaluated after a double mRNA transfection in Huh7 cells. All transfections were performed in 

triplicate (n = 3) and were normalised to the mock transfection. Statistical significance is 

indicated as follows: * corresponds to p < 0.05, ** to p < 0.01, *** to p < 0.001, and NS 

represents non-significant results. 
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3.8.2 Transcriptional silencing of HBV transcription mediated by anti-HBV DEM 

mRNA produced from the pT7(AG)-DEM 4×S vector 

HBV surface and pgRNA transcripts are crucial for viral replication and persistence. pgRNA 

serves as a template for reverse transcription, producing rcDNA, the precursor for cccDNA, 

while surface transcripts facilitate the expression of viral proteins needed for new virion 

production. To assess the effect of anti-HBV DEM-mRNA on HBV surface and pgRNA 

expression, Huh7 cells were first transfected with the HBV replication-competent pCH-9/3091 

plasmid, which expresses the necessary viral subgenomic and pgRNA mRNAs. Following this, 

the cells were transfected twice with DEM mRNA, while Luc2-mRNA served as a mock control. 

Twenty-four hours post-transfection, total RNA was extracted and treated with DNase to 

eliminate plasmid and genomic DNA. The RNA was reverse transcribed into cDNA and 

amplified via real-time PCR using specific primers for HBV surface, pgRNA, and the 

housekeeping gene human hypoxanthine-guanine phosphoribosyltransferase (hHPRT). The 

absence of contaminating plasmid and genomic DNA was determined by evaluating the Ct 

values from no reverse transcriptase (no RT) control reactions using housekeeping hHPRT 

primers (Appendix, Table 5.7). No RT control reactions with Ct values greater than 30, or at least 

five cycles higher than those of the experimental samples, were considered acceptable. The 

levels of viral surface and pgRNA mRNA were normalised to hHPRT mRNA. 

Strong transcriptional silencing effects on viral surface and pgRNA transcript levels were caused 

by all the anti-HBV DEMs (Figure3.26). SR, SL, CR, CL, PR, and PL DEMs reduced surface 

transcript levels by 42%, 61%, 56%, 52%, 56%, and 70% respectively, compared to the mock 

control (Figure 3.26 A). pgRNA transcript levels were reduced by 62%, 71%, 69%, 70%, 70%, 

and 72% (Figure 3.26 B). Notably, the SL and PL DEMs achieved the greatest transcriptional 

repression of both viral transcripts compared to the other DEMs. The reduction in surface and 

pgRNA mRNA levels demonstrates that the S, C, and P DEMs are transcriptionally silencing 

expression from the pre-S1, pre-S2, and basic core promoter, which are exclusively responsible 

for the expression of surface and pgRNA mRNA. Overall, these results correlate with a reduction 

in viral surface antigen observed and this overall suggest that anti-HBVDEM are functionally 

capable of suppressing or silencing viral replication at the transcriptional level. 
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Figure 3.26: Assessment of anti-HBV DEM mRNA-mediated silencing of HBV viral transcripts in vitro.  To assess the silencing 

effect of anti-HBV DEM on HBV transcripts, Huh7 cells were transfected with replication-competent pCH-9/3091 plasmid, followed 

by double transfection of individual DEM mRNA. Total RNA was extracted, reverse transcribed and HBV mRNA levels were 

measured relative to housekeeping gene hHPRT using RT-qPCR. (A)Surface mRNA and (B) pgRNA was measured twenty-four 

hours after transfection. All transfections were performed in triplicate (n = 3). Statistical significance is indicated by * corresponds to 

p < 0.05.  
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3.8.3 Targeted methylation of HBV CpG islands induced by DEMs  

To assess whether the observed reduction in viral markers of replication was due to DNA 

methylation caused by anti-HBV DEMs, bisulphite sequencing of DNA was performed using 

Sanger sequencing. Huh7 cells were transfected with the replication-competent pCH-9/3091 

plasmid, followed by double transfection with individual SL- or PL- DEM mRNA. Total DNA 

was then extracted, bisulphite-treated, and sequenced using bisulphite-specific primers designed 

for the three CpG islands. Sodium bisulphite treatment converts unmethylated cytosine to uracil, 

while methylated cytosine is preserved. During PCR amplification, the uracil (derived from 

unmethylated cytosine) is converted to thymine, whereas methylated cytosine (5mC) remains 

unchanged. This allows for the distinction between methylated and unmethylated cytosines. 

Sequencing results yielded mixed signals for all anti-HBV DEM-treated samples as well as the 

mock sample, likely due to incomplete bisulphite conversion or errors during Sanger sequencing. 

To visualise and interpret the results, chromatograms were evaluated. Specific residues with 

increased methylation (indicated by the increased proportion of cytosine) compared to the mock 

control were identified. The surface area of mixed peaks was calculated, and stacked histograms 

were generated to represent the distribution of peaks representing the ratio of cytosine to thymine 

at specific residues/sites in both control and DEM-treated samples. 

The bisulphite sequencing results showed a clear trend in the proportion of cytosine to thymine 

in the SL and PL DEM-treated DNA compared to the mock (Figure 3.27). Schematic 

representation of the HBV genome with predicted CpG and DEM target sites (Figure 3.27 A). 

These trends suggest potential methylation at these residues and were observed with all three 

CpG islands I, II, and III (Figure 3.27 B-G). Notably, the increased proportion of cytosine within 

all three CpG islands I, II, and III with both SL and PL DEMs, indicating that DEMs can target 

their cognate sites and function over a long range, although the distribution is less prominent at 

CpG III in both SL and PL DEM-treated DNA compared to the mock. These findings are 

consistent with a previous study which demonstrated  DEMs targeting HIV co-receptors CCR5 

and CXCR4 were able to cause significant methylation at its target sites and were maintained for 

the duration of the investigation (18 days) (Mlambo et al., 2018). A recent study using CRISPR-

Cas9 ribonucleoprotein (RNP) achieved 65% to 91% methylation of rcccDNA, a plasmid with 

HBV genotype D sequence cloned into a minicircle (Kostyushev et al., 2023). 
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SL DEM and PL DEM showed increased methylation at CpG II and CpG III (Figures 3.27 B - 

G). SL DEM exhibited higher cytosine proportions at residues 205, 207, and 304 in CpG I, while 

residues 1273, 1281, 1283, and 1284 had the highest proportions in CpG II (Figures 3.27 B - D). 

In CpG III, residues 2281, 2285, 2295, and 2304 were prominent for SL DEM (Figures 3.27 F). 

For PL DEM, the highest cytosine proportions in CpG I were found at residues 205, 243, and 

264 (Figures 3.27 C), and in CpG II at residues 1252, 1258, 1263, 1273, and 1281 (Figures 3.27 

E). Notably, residues 2281, 2291, 2294, and 2324 showed increased cytosine distribution in CpG 

III for PL DEM (Figures 3.27 G). These findings indicate a significant increase in cytosine 

distribution at CpG II, consistent with previous studies (Vivekanandan et al., 2008, Jain et al., 

2015, Zhang et al., 2014). This assay was repeated with similar results (unpublished data, this 

research). 

Despite the limitations of this assay, the results suggest that DEM-mediated methylation is 

occurring at specific CpG islands, potentially explaining the targeted epigenetic silencing of viral 

gene expression. However, improved methods for characterising and detecting DNA methylation 

are necessary to more accurately determine the extent of DNA methylation induced by anti-HBV 

DEMs. 

 

 

 

 

 

 

 

 

 

 



Chapter 3-Results 

131 

 

                     

 

  

A 

B 

C 



Chapter 3-Results 

132 

 

  

 

D 

E 



Chapter 3-Results 

133 

 

 

 

Figure 3.27: Potential methylation patterns in HBV CpG Islands I-III following DEM 

transfection in cultured cells.  (A) Schematic representation of the HBV genome Highlighting 

CpG Islands and Anti-HBV DEM target sites (B-F) Huh7 cells were transfected with replication-

competent pCH-9/3091 plasmid, followed by double transfection of individual DEM mRNA 

.Total DNA was extracted,   subjected to sodium bisulphite treatment and sequenced using 

bisulphite-specific primers designed for the CpG I-III island The stacked histograms represent 

the proportions of Cytosine:Thymine at a base positions within the HBV genome in comparison 

to the mock-treated sample. The first T in the EcoRI site designated as position 1. (B-C) CpG I 

F 

G 
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for (B) SL DEM and (C) PL DEM, (D-E) CpG II for (D) SL DEM and (E) PL DEM, (F-G) CpG 

II (F) SL DEM and (G) PL DEM. 

 

3.8.4 Anti-HBV DEMs does not exhibit cellular-mediated cytotoxicity 

To eliminate the possibility that cytotoxic effects from transfections influenced the observed 

repression, an MTT assay was conducted to assess cell viability. Huh7 cells were double 

transfected with individual anti-HBV DEM mRNAs, with transfections conducted 6 hours apart. 

Untransfected cells served as a negative control, while Luc2-mRNA was used as a mock 

transfection control and DMSO as a positive control for assessing cytotoxicity. The MTT assay 

results showed no significant cellular toxicity in cells transfected with any of the anti-DEM-

encoding mRNAs, as viability was comparable to untransfected cells. In contrast, DMSO-treated 

cells exhibited statistically significant toxicity. These results suggest that the transcriptional 

repression observed with the anti-HBV DEM mRNA is due to the activity of the DEMs rather 

than cellular toxicity (Figure 3.28) 
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Figure 3.28: Assessment of toxicity associated with anti-HBV DEM mRNA.  Huh7 cells 

were double transfected with anti-HBV DEM mRNA individually; the first and second 

transfections of IVT mRNA were 6 hours apart. A cell viability assay was conducted twenty-four 

hours after mRNA transfection to assess potential associated toxicity. DMSO served as the 

positive control, and data were normalised to the untransfected control. All transfections were 

performed in triplicate (n = 3). Statistical significance is indicated by ***, corresponding to p < 

0.001 
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3.8.5 Lack of innate immune stimulation mediated by anti-HBV DEM mRNA 

expressed from the pT7(AG)-DEM 4×S vector 

To determine whether DEM mRNA induces an immune response, qPCR was used to measure the 

mRNA levels of IFN-β and interferon-inducible genes OAS1 and IFIT1 in HEK293 cells 

transfected with DEM mRNA. HEK293 cells were transfected with the DEM mRNA or Luc2-

mRNA, which served as a negative control. Cells transfected with poly I:C served as positive 

controls for the induction of IFN stimulated genes. Twenty-four hours after transfection, total 

RNA was extracted and treated with DNase to remove any contaminating DNA. The RNA was 

then reverse transcribed into cDNA and amplified with real-time PCR using specific primers for 

IFN-β, OAS1, IFIT1, and the housekeeping gene HRPT.  The results showed no significant 

increase in IFN-β, OAS1, or IFIT1 mRNA levels in HEK293 cells transfected with the anti-HBV 

DEM mRNA. In contrast, poly (I:C) transfections led to a statistically significant increase in 

IFN-β and other IFN-related genes (Figure 3.29 A-C). These findings suggest that DEM-

encoding mRNA does not trigger an immunostimulatory response, indicating its safety for 

therapeutic application. Furthermore, the results indicate that the observed silencing effects are 

due to transcriptional repression of DEM mRNA and are independent of immune stimulation. 
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Figure 3.29: Assessment of interferon response stimulation by anti-HBV DEM-encoding 

mRNA in cultured cells.  RNA extracted from HEK293T cells transfected with DEM-encoding 

mRNA or Poly I:C was subjected to RT-qPCR to evaluate mRNA transcripts encoding 

interferon-β and interferon-inducible genes.(A)IFN-β  (B) OAS1 and (C) IFIT1 mRNA levels 

were asses and  were normalised to hHPRT, and changes in expression between the mock and 

DEM-mRNA-transfected cells were assessed using the delta-delta Ct method. All transfections 

were performed in triplicate (n = 3). Statistical significance is indicated by ***, corresponding to 

p < 0.001. Poly I:C served as the positive control. Abbreviations: IFN-β = Interferon beta, OAS1 

= 2’-5’-oligoadenylate synthetase 1, IFIT1 = interferon-induced proteins with tetratricopeptide 

repeats.
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Chapter 4  

4. Discussion   

The current problem with chronic HBV infections is that, despite numerous novel drugs and 

combination therapies capable of targeting nearly every step of the viral replication cycle, there 

is still no cure (Lee et al., 2020).  This is because the virus has evolved mechanisms to maintain 

the episomal cccDNA, providing a permanent template for the continuous supply of viral pgRNA 

and mRNA (Köck et al., 2010, Nassal, 2015). This stability allows cccDNA to persist for years, 

enabling viral reactivation upon cessation of treatment, which represents a major barrier to 

developing an effective cure. 

4.1 Epigenome editing as an alternative to current therapeutic 

approaches for HBV 

Genome-editing technologies can directly target or degrade cccDNA. The therapeutic use of 

anti-HBV designer nucleases has been well-documented since the first ZFN targeting HBV was 

reported in 2010 (Cradick et al., 2010). Nucleases induce double-strand breaks (DSBs) at 

specific sites, facilitating targeted mutagenesis (Bloom et al., 2013, Smith et al., 2021). However, 

their potential for off-target cleavage, particularly with CRISPR/Cas, poses a significant risk 

(Kuscu et al., 2014). This off-target mutagenesis, combined with the reliance of Hepadnaviruses 

on DSBs and cellular repair mechanisms, raises the likelihood of chromosomal translocations 

and genotoxicity (Feitelson and Lee, 2007, Kosicki et al., 2018). To mitigate these risks, 

epigenome editing is proposed as a less genotoxic alternative to designer nucleases. 

Epigenetic strategies, including epigenome editing, show promise for treating CHB (Singh et al., 

2021). Some approaches target specific processes regulating cccDNA (Cheng et al., 2020), while 

others enhance natural defences to inhibit infection (Cheng et al., 2021) or use DNA-binding 

domains (DBDs) to direct epigenetic effectors for transcriptional silencing (Zhao et al., 2013). A 

solid foundation exists for applying epigenome editors as novel antiviral gene therapies targeting 

HBV (Zhao et al., 2013, Luo et al., 2018, Xirong et al., 2014). Therefore, one of the aims of the 

study was to evaluate the therapeutic potential of IVTed anti-HBV DEM mRNA in silencing 

viral gene expression.  
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The HBV genome contains several CpG islands that regulate its gene expression (Zhang et al., 

2014, Jain et al., 2015), allowing the virus to control its replication within the host(Vivekanandan 

et al., 2010). Silencing cccDNA through epigenetic mechanisms offers a practical approach to 

curing CHB (Zhang et al., 2014). This is supported by several  in vivo (Vivekanandan et al., 

2008, Guo et al., 2009, Kim et al., 2011, Zhang et al., 2014)  as well as in vitro (Vivekanandan et 

al., 2009, Vivekanandan et al., 2010) studies which have reported a significant association 

between increased HBV CpG methylation and reduced levels of viral antigens and mRNA across 

various stages of infection. These findings establish a foundation for targeted transcriptional 

inhibition of HBV through use of the epigenome modifiers. Since the description of the first 

epigenome editor targeting HBV in 2013 (Zhao et al., 2013), studies in this field have been 

limited compared to other therapeutic approaches. Nonetheless, existing research demonstrates 

the promising therapeutic potential of epigenome editors.  

4.2 Application of RNA expression platforms for the expression of anti-

HBV epigenome modifiers 

Eukaryotic mRNA contains several regulatory sequences that influence stability, translation 

efficiency, and degradation by exonucleases. These features consist of the 5′ and 3′ untranslated 

regions (UTRs), 5’ cap structure and poly(A) tail, ensuring the stability of the mRNA and 

enhancing translational efficiency for the production of the desired protein (Gao et al., 2000, 

Asrani et al., 2018, Adibzadeh et al., 2019). In this study, IVTed mRNA expressing DEMs 

targeting the S, C and P ORFs of HBV were synthesised and evaluated for the first time. To 

achieve this, two mRNA-based platforms consisting of pmRNA-pA and pT7-(AG) vectors were 

used for the IVT of DEM therapeutic sequences. Initially, the pmRNA-pA expression platform 

was used to clone in the anti-HBV DEM and eGFP reporter transgene sequences separately. This 

plasmid was designed with a single stop codon after the transgene sequence and a stretch of 52 

adenine residues (poly A). The pT7-AG vector has highly stable UTR sequences, four 

continuous termination codons and a poly(A) track of 120 thymidine residues.   

4.3 Expression of DEM mRNA from the pmRNA platform  

Within the cytoplasm of a cell, the 5'-cap  structure of mRNA participates in cap-dependent 

translation initiation, which is critical for protein synthesis (Borden and Volpon, 2020). 
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Additionally,  the 5′ cap is responsible for regulating the stability and translational efficacy of 

mRNAs (Henderson et al., 2021). In this study, the initial experiments using Cap 0 for mRNA 

synthesis resulted in non-functional mRNA, evident from the lack of GFP expression and 

transcriptional silencing of HBsAg by anti-HBV DEMs. This finding corroborates previous 

reports indicating that Cap 0 is not ideal due to the low stability of synthesised mRNA. 

Incorporation of the ARCA cap showed some improvement in expression of GFP, but significant 

improvement was observed with using the Vaccinia Capping System, while the greatest 

improvement in GFP and anti-HBV DEM expression was achieved with TriLink CleanCap® AG 

Cap1. These findings further supports studies have demonstrated enhanced capping efficiency 

and translation (Henderson et al., 2021, Vlatkovic et al., 2022). Improved expression using this 

capping strategy is likely attributed to the reduced immunogenicity of IVT mRNA, as the Cap 1 

structure diminishes RIG-I recognition, thereby reducing the cellular immune response 

(Devarkar et al., 2016). 

This study demonstrates that the method of IVT significantly influences mRNA functionality. 

For instance, using the RiboMAX™ Large Scale RNA Production System to transcribe an IRES-

FLuc plasmid resulted in minimal expression, indicating ineffective translation of transcripts 

produced with this system. This is because IRES-FLuc plasmid relies on cap-independent 

synthesis, an alternative mechanism that does not require a 5’ cap for mRNA synthesis. In 

contrast, the TranscriptAid T7 High Yield Transcription Kit produced GFP mRNA, which had 

improved expression, while the NEB IVT components yielded an even greater improvement in 

transcribed mRNA, despite the overall RNA synthesis efficiency remaining low. Notably, LiCl 

purification improved mRNA expression (e.g., GFP expression) by likely removing small RNAs 

and DNA contaminants from the IVT process, supporting previous studies that highlights the 

importance of mRNA purification (Nagalakshmi et al., 2008, Baiersdörfer et al., 2019).  

Despite the improvements seen with the TranscriptAid T7 High Yield Transcription Kit and 

NEB IVT components, factors such as the short half-life of mRNA and immune stimulation 

which can be detrimental for gene therapy applications as it hinders mRNA stability and protein 

translation (Tatematsu et al., 2018). Presence of unmodified nucleotides and dsRNA byproducts 

produced during IVT (Karikó et al., 2008, Dousis et al., 2023), poses a significant limitation for 

mRNA-based therapies, because of their high immunogenicity and can trigger a strong immune 
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response by inducing type I interferons subsequently reducing protein expression  (Milligan et 

al., 1987, Karikó et al., 2011, Baiersdörfer et al., 2019). Various methods exist to reduce the 

formation of dsRNA during  IVT (e.g., inclusion of modified nucleotides) as well as after IVT to 

purify the mRNA of dsRNA contaminants (e.g., cellulose purification)(Karikó et al., 2008, 

Baiersdörfer et al., 2019). To enhance transcription and minimise immune responses, IVTs were 

performed using NEB nucleotides, TriLink buffers, the modified nucleotide ψ, co-transcriptional 

capping with TriLink AG, and cellulose purification. These modifications significantly improved 

the transcribed anti-HBV DEMs resulting in transcriptional repression of HBV surface antigen. 

The CR, CL, and PL DEMs achieved reductions of 8%, 11%, and 23% in HBsAg, respectively, 

suggesting that the C and P DEMs influenced the transcription of PreS1 and PreS2 promoters, 

which encode L, M, and S surface proteins (Hyams, 1995). These optimisations overall increased 

the efficacy of IVT mRNA produced. 

While some silencing of the viral surface protein was achieved using this pmRNA expression 

platform, the efficacy of the DEMs was notably lower than those expressed from the pmRNA 

plasmid itself. Unpublished work by Dr Kristie Bloom showed that S DEMs from the pCMV-

DEM plasmids resulted in a 90% decrease in serum HBsAg concentration and an eight-fold 

increase in methylation of CpG island II in vivo. Given that DEMs contain both DNMTs and 

KRAB domains, they can induce transcriptional silencing through CpG island methylation and 

chromatin remodelling (Bloom et al., 2019, Xirong et al., 2014). However, the lack of efficient 

silencing of viral replication by DEMs was unexpected, as the poly(A) tail in mRNA remains 

intact post-transcription. Additionally, the transgene sequence was shown to be functional, 

resulting in reduction of HBsAg when expressed from the pmRNA DEM plasmid DNA. These 

findings suggest that the pmRNA expression platform may not be optimal for DEM transgene 

sequences, despite successful GFP production using modified nucleotides, TriLink CleanCap® 

AG, and cellulose purification. Luc2 mRNA transcribed with an alternative RNA expression 

vector using the same optimised IVT protocol resulted in good luciferase expression compared to 

the TriLink FLuc controls. This further supported the notion that the pmRNA expression 

platform may not be ideal for longer and more complex sequences, such as DEM transgenes. 

However, smaller and less complex sequences, such as GFP reporter transgenes sequences can 

be effectively synthesised with this platform. 
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4.4 Functional DEM mRNA expressed from pT7 (AG) RNA expression 

platform 

Translation efficiency is not only significantly improved and influenced by cap structures, 

chemically modified nucleotides and decreased immunogenicity of synthesised mRNA as 

demonstrated by this study but is also strongly influenced by the regulatory UTRs. Due to the 

inefficient silencing achieved from DEM mRNA expressed from pmRNA platform despite the 

various optimisations, this study employed a second RNA expression platform, that incorporated 

more stable UTRs which are known to increase translation efficiency and stability to further 

explore the potential of anti-HBV DEM transcribed mRNA.   

The regulatory 5’ and 3’ UTR sequences are critical for the recruitment of ribosome and 

translation factors to the RNA (Sonenberg and Hinnebusch, 2009). Current findings indicate that 

the 5′ UTR is the main regulator of protein synthesis as modification of 5′ UTR has been shown 

to have the greatest influence on translation (Asrani et al., 2018). In addition to modifying the 

UTR sequences, the pT7(AG) RNA expression vector included a 120 poly(A) track compared to 

the 52 poly(A) track used in pmRNA expression vector. A longer poly (A) was included because 

evidence shows that the poly (A) tail not only regulates enzymatic stability and half-life of 

mRNA, but also facilitates the circularisation of mRNA (Leppek et al., 2018) forming a 

cap/PABP/eIF4E-eIF4G-PABP-poly(A) complex along with the cap structure of mRNA 

(Jalkanen et al., 2014). This closed loop structure improves binding, recycling of ribosomes and 

protects mRNA from degradation and a sufficiently long poly (A) tail is necessary to allow for 

the physical interactions between the poly (A) tail and the cap in mRNA to cooperatively 

maintain the mRNA stability (Newbury, 2006, Wells et al., 1998). During IVT, a common 

source of contaminants is dsRNA. When RNA polymerase fails to terminate transcription at the 

end of the coding sequence, it can lead to read-through transcription into the 3' UTR of the 

mRNA. To address this issue, the pT7-(AG) platform includes four stop codons in succession, 

ensuring efficient transcription termination and reducing the likelihood of run-off transcripts. 

Additionally, having multiple stop codons in succession enhances translation termination by 

increasing the likelihood that the ribosome will recognise the end of the mRNA.(Triana-Alonso 

et al., 1995, Gholamalipour et al., 2018, Cridge et al., 2018).  
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4.4.1 Expression of active anti-HBV DEMs mRNA in vitro  

Initial investigations using dDEM mRNA expressed from pmRNA showed detectable HA-tag 

expression in both the nucleus and cytoplasm, indicating successful translation and nuclear 

transport. In contrast, active DEMs expressed from the pmRNA vector did not display HA-tag 

expression, despite achieving transcriptional repression of viral surface HBsAg. However, 

removing the KRAB domain from the active DEMs allowed for HA-tag detection. This suggests 

that the KRAB domain at the 5’ end of the DEM TALE-DBD may hinder HA-epitope 

recognition by the anti-HA monoclonal antibody. Notably, DEMs expressed from DNA showed 

HA-tag expression, albeit at lower levels than inactive controls from pmRNA and pT7-(AG) 

vectors. This indicates that while the KRAB domain obscures the HA-tag, it remains detectable. 

The absence of detectable expression of the HA-tag was hypothesised to be the result of KRAB 

domain and the inability of the pmRNA construct to produce functional mRNA even after the 

optimised IVT process was implemented. However, detectable HA-tag expression was observed 

with active DEMs expressed from pT7-(AG) platform using a primary monoclonal anti-HA 

antibody. Rather, detection of the HA-tag from active DEMs mRNA synthesised from the pT7-

(AG) platform was achieved, demonstrating enhanced nuclear expression when a primary anti-

HA polyclonal antibody was used. These results suggest that the monoclonal antibody used, 

which targets a specific epitope could be obscured in the native conformation of the active 

DEMs, which struggled to bind effectively. This limitation was overcome by the polyclonal 

antibody, which recognised and bound to alternative epitopes that remained accessible in the 

native conformation, thereby enabling more effective detection of the active DEMs (Lipman et 

al., 2005). This increase in specificity and recognition of the polyclonal antibody allowed for the 

detection of the HA-tag. These findings further suggest that folding of the protein could be 

hampering the detection of the HA-tag when the KRAB domain is present regardless of the RNA 

expression system. This is validated by the fact that detection and recognition of the HA-tag was 

achievable using primary monoclonal anti-HA antibody with active DEM DNA. This indicates a 

difference between in situ and IVTed mRNA and its influence on translation and thereby protein 

folding (von der Haar et al., 2023).  
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4.4.2 Transcriptional silencing of HBV surface protein and viral transcripts  

The HBV genome is compact, comprising four ORFs: C, S, P, and X, with transcription 

regulated by four promoters (pre-S1, pre-S2, X, and BCP) and cis-elements like Enhancer I and 

II (Seeger and Mason, 2000). This study found that all six anti-HBV DEMs achieved 

transcriptional silencing of HBV surface protein levels, as well as surface and pgRNA 

transcripts, with SL and PL DEMs showing enhanced repression. Using the pCH-9/3091 

replication-competent plasmid, which expresses the HBV surface protein and necessary 

subgenomic and pgRNA mRNAs, initial reductions of 42%-60% in viral replication were 

observed with anti-HBV DEMs, respectively, after a single mRNA transfection. This effect was 

achieved using IVTed mRNA with all uridine substituted by ψ, confirming its enhanced stability 

and increased protein expression (Karikó et al., 2008, Anderson et al., 2011). However, the 

silencing effect diminished after forty-eight hours, likely due to the plasmid's ability to replicate 

within host cells using the host cell's machinery, which results in high copy numbers. Copy 

numbers can range from 1 to 14 for low-copy plasmids and up to 200 for high-copy plasmids 

(Projan et al., 1987), with further increases observed with modified plasmids (Rosano and 

Ceccarelli, 2014). Use of the pCH-9/3091 plasmid may explain the diminished effects of anti-

HBV DEMs over time. Additionally, possible delayed endosomal escape of IVTed mRNA (Jain 

et al., 2015) and IVTed mRNA transient expression compared to the stability of plasmid DNA 

could further exacerbate the diminished repression. Similar challenges with high expression of 

HBV are observed in HBV-integrated cell lines like HepG2.2.15 (Bloom et al., 2013).   

To address this issue, double transfections of DEM mRNA were performed, leading to 

significant reductions in HBsAg (78%-84%), surface transcripts (42%-70%), and pgRNA 

transcripts (62%-72%) using the various DEMs. This enhanced silencing of markers of 

replication resulted from increased availability of therapeutic mRNA. This correlated with 

improved antiviral efficacy and reduced viral protein production. This suggests that DEM-

mediated transcriptional silencing depends on quantity of target DNA, with efficiency declining 

at higher amounts. This was also observed in HepG2.2.15 cell models,. However, these two 

models are different. In this study plasmid DNA is used to initiate viral replication, while the 

other model uses an integrated HBV genome to initiate replication (Bloom et al., 2013). Use of 

models like the one used in this study significantly limits the adequate assessment of IVTed anti-
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HBV DEM in vitro. Nevertheless, the anti-HBV DEMs achieved greater transcriptional 

repression than their DNA counterparts.  

The significant reduction in HBV replication markers achieved by the DEMs aligns with studies 

showing a strong link between increased HBV CpG methylation and decreased levels of HBsAg, 

HBeAg, and mRNA. For example, occult CHB patients show higher CpG II methylation than 

non-occult patients (Vivekanandan et al., 2008). Individuals categorised with active infection 

(HBeAg-positive) exhibit approximately 48% methylation, while those with low replication 

(HBeAg-negative) exhibit 14% methylation (Guo et al., 2009).  Additionally, methylation of 

CpG III has been linked to lower HBsAg levels (Zhang et al., 2014). Although no correlation 

was found between cccDNA methylation and HBsAg in cirrhosis patients, high methylation 

density correlated with reduced virion productivity and viral load (Kim et al., 2011).   

In this study, bisulphite sequencing was performed to assess methylation. Results showed a clear 

increase in cytosine compared to thymine in cells transfected with SL and PL DEM mRNA, 

indicating methylation across all three CpG islands. The DEMs exhibited a long-range effect, 

targeting not only their respective CpG islands (CpG I for SL DEM and CpG II for PL DEM) but 

also CpG III albeit at lower levels compared to their cognate target sites. SL DEM primarily has 

an increased number of bases/residues that demonstrated greater proportion of Cytosine:Thymine 

at CpG II, with fewer methylation residues observed at CpG III. In contrast, PL DEM resulted in 

increased proportion of Cytosine:Thymine at both CpG II and CpG III. These findings align with 

previous studies showing higher methylation at CpG II and III, and lower at CpG I  

(Vivekanandan et al., 2008, Jain et al., 2015, Zhang et al., 2014) correlating with significant 

reductions in viral surface protein expression and transcript levels observed in this study. While 

the long-range targeting of DEMs may be advantageous for targeting viral sequences, it raises 

concerns about potential off-target effects. While Sanger sequencing is commonly used, it is a 

less ideal assay for targeted bisulphite sequencing because amplicons are too small (150-300 bp) 

and requires approximately 20-30 cycles to achieve clean peaks, which can be challenging 

(Leontiou et al., 2015, Crossley et al., 2020). Cloning PCR amplicons into a plasmid before 

sequencing can improve results, but it may introduce biased amplification (Leontiou et al., 

2015). Therefore, next-generation bisulphite sequencing technologies are preferred due to their 

reliability, accuracy, and ability to produce quantitative results with statistical significance. 
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Despite mixed signals in bisulphite -converted DNA, repeated assays consistently showed 

increased cytosine at many of the same residues compared to mock controls. This suggests the 

observed methylation is likely to be genuine, although levels may be underestimated or 

overestimated due to mixed signals at non-target CpG islands. Therefore, further characterisation 

is needed to confirm DEM activity and assess on- and off-target effects. 

Transcription from the pre-S1 and pre-S2 ORFs produces subgenomic mRNAs encoding the L, 

M, and S surface proteins of HBV, regulated by their respective promoters. A reduction in 

HBsAg levels was anticipated with S DEMs as they target the S ORF, which is near CpG I, 

overlapping its start site of the S gene. Although the C and P DEMs do not directly target the S 

ORF, the C DEM affects the C ORF which encompasses CpG III, overlapping the polymerase 

start codon and the Sp1 promoter. The P DEM targets the P ORF and includes CpG II, 

overlapping enhancer regions and the HBx and core  promoters (Vivekanandan et al., 2008, Kaur 

et al., 2010). Given the strategic placement of CpG islands, the HBV genome is an ideal target 

for DNA methylation. Results suggests that all six anti-HBV DEMs could likely silence the pre-

S1 and pre-S2 promoters responsible for translating the L, M, and S viral proteins that comprise 

the surface HBsAg, possibly through methylation. Bisulphite sequencing support this, as a clear 

trend of increased cytosine proportions at all CpG islands were observed, suggesting that 

methylation of these islands contributes to the observed silencing effect. Although no bisulphite 

sequencing experiments were conducted with all the DEMs, suggest similar mechanisms may 

apply to C DEMs.  

The reduction of viral transcript levels achieved by S DEMs suggests that these DEMs may act 

over long distances, likely targeting enhancer I, which is situated between the S ORF and the X 

promoter region. Enhancer I activates transcription by recruiting liver-specific transcription 

factors in a hepatocyte-dependent manner (Antonucci and Rutter, 1989, Guo et al., 1991). These 

results align with the bisulphite sequencing results showing an increased trend in methylation of 

CpG II and CpG III by S DEMs, indicating that silencing of these CpG islands could be 

responsible for the observed reduction of viral transcripts. Since the basic core promoter initiates 

transcription of pgRNA, encoded by the C ORF [29, 208], a reduction in pgRNA levels is also 

expected by C DEMs. Similar to S DEMs, P DEMs likely target enhancer I, and the overlap of 

CpG II with core promoter suggests that methylation of this CpG II could contribute to the 
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reduced viral transcript levels, corroborating the findings observed from the bisulphite 

sequencing results.  

The reduction in surface mRNA and pgRNA levels demonstrates that the S, C, and P DEMs are 

transcriptionally silencing expression from the pre-S1, pre-S2, and basic core promoters, which 

are exclusively responsible for the expression of surface mRNA and pgRNA. Thus, the possible 

methylation of CpG islands, along with targeted repression of all three promoters, could be 

responsible for the transcriptional inhibition observed, aligning with the findings from the 

bisulphite sequencing results. The enhanced efficacy of PL DEM and SL DEM observed in this 

study is in agreement with  previous studies which showed targeting the enhancer I resulted in 

significant repression of markers of replication in HBV transgenic mice (Zhao et al., 2013).  

Overall results in this study correlate with studies that have shown hypermethylation of CpG II is 

associated with little to no expression of HBsAg (Vivekanandan et al., 2008, Guo et al., 2009) 

and reduced HBsAg, HBeAg and viral mRNA levels. Xirong et al., further showed targeting 

CpG II and HBx promoter resulted in de novo methylation and significant reduction in viral 

particle production and expression of core mRNA, HBsAg and HBx proteins (Xirong et al., 

2014). Furthermore, this study highlighted the effectiveness of using DEMs encoded from 

mRNA, which successfully silenced protein expression and reduced transcript levels. This 

emphasises the important role of DNA methylation in suppressing HBV replication and protein 

production.  

4.5 Safety of using transcriptional repressor DEMs expressed as 

mRNA 

One of the main limitations of mRNA-based technologies is their potential to trigger an innate 

immune response which may be beneficial to function as an adjuvant from a vaccine context but 

can be detrimental from a gene therapy approach. Unlike endogenous RNA, which is 

predominantly associated with ribonucleoprotein (RNP) complexes (Pichon et al., 2012), IVTed 

mRNA enters through endosomal-mediated entry and the detection of non-self mRNA in the 

endosomal (Jiang et al., 2020), extracellular and cytoplasmic compartments leads to detection by 

PRRs (Lee et al., 2019). Induction of an immune response by IVTed mRNA is primarily due to 

the recognition of uncapped 5′ triphosphates and GU-rich complex secondary structures in the 
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IVTed mRNA. These features give exogenous RNA a signature similar to that of a virus. 

Stimulation of the innate immune system can result in activation of a signal cascade leading to 

up-regulation of type I interferon and NF-κB related genes. These ultimately lead to translation 

inhibition, cell cycle arrest, increased expression of PRRs and eventually apoptosis (Nallagatla 

and Bevilacqua, 2008, Gil et al., 1999). 

In this study the capacity of IVTed anti-HBV DEMs expressed in the form mRNA and innate 

immunity in vitro, was evaluated. The presence of modified nucleotides in the mRNA prevents 

its recognition as a foreign molecule by endosomal sensors, such as TLR3, TLR7, and TLR8 or 

cytoplasmic sensors, such as RIG-I and MDA5, responsible for the induction of type I IFNs, 

typically associated with antiviral responses (Karikó et al., 2005, Nelson et al., 2020). The 

absence of detectable IFN and IFN-inducible gene upregulation indicates incorporation of cap 

analogue (CleanCap®), complete substitution of canonical nucleotide uridine with ψ and 

cellulose purification extensively abrogated any immune stimulatory feature of IVT mRNA. 

Additionally, the inclusion of four consecutive stop codons may have contributed to reduced run-

off transcription, thereby minimizing the production of toxic or immunogenic by-products during 

IVT (Tate and Mannering, 1996). In addition, cell viability assay performed demonstrated no 

change in mitochondrial metabolic activity with either anti-HBV DEM mRNA expressed from 

pmRNA-pA and pT7(AG) when compared to untransfected cells. These observations suggest 

that reduction of viral markers of replication was specific to activity of DEMs and not as a result 

of interferon stimulated response mediating apoptosis.  

4.6 Future work 

Further assessment of DEM mRNA is required to validate its potential as a therapy for HBV.  An 

infectable stable cell line expressing the NTCP receptor (HepG2-hNTCP) would be a better 

alternative to the transfection of replication-competent plasmids as they do not reflect the 

physiological conditions seen in natural or chronic infections. Infection of HepG2.hNTCP with 

HBV would allow for the characterisation of the various markers of HBV infection (HBsAg, 

viral RNA and cccDNA) (Hoh et al., 2015). Evaluation of transcribed anti-HBV DEM mRNA 

greater than forty-eight hours would provide better indication whether the transcriptional 

silencing effect is maintained. Ideally assessment in vivo setting would provide better indication 

of activity and allow for long-term assessment of anti-HBV DEMs to be determined. 
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Additionally, cell culture models do not fully recapitulate the immune response observed in in 

vitro models, therefore, to assess the safety of IVTed mRNA in vivo evaluation in mouse models 

is required.  

4.6.1 Target specificity and safety of epigenome editors  

The TALE-DBD used in this study, repurposed from anti-HBV TALEN technology, 

demonstrated no off-targets of concern in the context of a TALEN, highlighting its target 

specificity (Smith et al., 2021). However, similar to gene editing technologies, epigenome editors 

could also induce off-target effects, necessitating thorough preclinical evaluations of off-target 

activity for anti-HBV DEMs. The DEMs contain the KRAB repressor domain, which can silence 

genes from up to 25 kb away from their binding sites (Bloom et al., 2019), raising potential 

safety risks regarding unintended gene silencing. While this characteristic may be beneficial for 

antiviral therapies, it introduces concerns about off-target effects on host genes. Moreover, 

DNMT domains can lead to DNA methylation, with the possibility of de novo methylation 

affecting host CpG islands. To mitigate off-target effects, this study expressed DEMs using an 

mRNA expression platform, which may limit the potential for off-target activity by epigenome 

modifiers. 

Several bioinformatics tools, such as TAL Effector Targeter, are available to predict potential 

off-target binding sites based on the DNA-binding domain (DBD). These tools provide valuable 

insights into off-target risks. To further assess functional activity, next-generation sequencing 

can be employed to analyse methylation patterns comprehensively, thereby covering potential 

off-target activities (Leontiou et al., 2015). MassArray technology offers a  more targeted 

approach for confirming methylation activity allowing for precise assessment of targeted 

methylation via bisulphite sequencing(Bloom et al., 2019). Additionally, Assay for Transposase 

Accessible Chromatin (ATAC-seq) can be utilised to confirm on-target and off-target regions of 

open and closed chromatin (Buenrostro et al., 2013), which is important because of the repressor 

domains included in DEMs. Whole transcriptome sequencing can also evaluate transcriptional 

profiling of neighbouring genes, identifying potential off-target genes with reduced expression 

compared to control samples (Mlambo et al., 2018). Together, these methods will enable a 

comprehensive assessment of both on-target and off-target activity by DEMs. 
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4.7 Therapeutic benefit of expressing DEMs from IVTed mRNA 

Two decades ago, mRNA was considered too immunogenic for human therapy, with its transient 

nature and fragility leading to limited interest. However, significant advancements were 

highlighted in 2020 when two mRNA-based vaccines were rapidly developed in response to 

SARS-CoV-2 at an unprecedented record (Polack et al., 2020, Baden et al., 2021), showcasing 

mRNA's considerable therapeutic potential. Unlike DNA therapies, the transient nature of 

mRNA allows for better control of protein expression and reduces the risk of off-target effects. 

Since mRNA does not need to enter the nucleus for expression, it avoids the risk of genome 

integration associated with certain viral vectors (Zhong et al., 2018). Moreover, mRNA can be 

translated in the cytoplasm just hours after introduction as seen in this study, making it beneficial 

for both slowly dividing and non-dividing cells. mRNA is manufacturable through cell-free 

systems, which eliminate contaminants time constraints associated with traditional cell-based 

and viral vector-based therapies (Maruggi et al., 2019). Its stability, half-life, immunogenicity, 

and translational efficiency can be optimised for therapeutic use as demonstrated in this study, 

making it more easily adaptable than DNA or viral vector systems. 

4.8 Targeted epigenome editing of HBV: therapeutic prospects and 

obstacles 

Epigenome modifiers offer promising strategies for silencing cccDNA transcription as an 

alternative anti-HBV therapy. However, only four targeted epigenome editors have been explored 

to date, showing activity against HBV replication, but their impact on the cccDNA 

minichromosome remains unconfirmed. Liver-specific delivery of these epigenome modifiers, 

remain a significant challenge, as with other gene editors (Ates et al., 2020). For clinical 

application, several issues need to be addressed, including evaluating the efficacy and safety of 

DEM-mediated repression in reliable preclinical models and demonstrating effective cccDNA 

silencing. While models like HBV-transgenic mice, woodchucks, and uPA-SCID mice have 

provided insights, most fail to establish cccDNA, except for the uPA-SCID model, which lacks a 

functional immune system (Guidotti et al., 1994, Paronetto and Tennant, 1990, Meuleman and 

Leroux-Roels, 2008). Recent advances, such as the AAV8-A1 murine model, enable cccDNA 

production with a functional immune system, providing a more comprehensive platform for 

evaluating HBV biomarkers((HBsAg, HBcAg, different forms of intrahepatic HBV DNA, 
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including cccDNA, and viral transcripts) and long-term suppression(Limani et al., 2021). 

Expressing anti-HBV DEMs as mRNA offers several advantages over DNA, including avoiding 

viral vector constraints (Ely et al., 2021). Liposomes, with their low toxicity, immunogenicity, 

and biodegradability, are a promising delivery system for mRNA-based therapies (Belhadj et al., 

2023), with successful applications in cell culture, animal models, and clinical trials (Kairuz et 

al., 2023, Polack et al., 2020, Strieth et al., 2014). These characteristics make liposomes an 

attractive option for delivering DEM mRNA in vivo. Given the potential of epigenome modifiers 

to silence HBV at the transcriptional level, combining this approach with other therapies could 

enhance its efficacy. Combination therapies have shown promise in previous studies (Liver, 

2017, Lim et al., 2023) and could help address the persistent challenges of HBV replication and 

immune evasion. Overcoming delivery challenges and demonstrating sustained efficacy are key 

steps toward translating epigenome editing into a viable HBV treatment. 

4.9 Conclusion  

HBV infections represent a significant public health challenge, and the WHO has set a goal for 

the elimination of HBV by 2030. A major obstacle to achieving this goal is the need to eliminate 

or permanently silence the stable cccDNA reservoir. Epigenome editing has been proposed as a 

less genotoxic alternative to designer nucleases, offering a way to directly target and silence 

HBV for lasting therapeutic benefit. This approach aims to suppress HBV replication and 

transcription in infected cells, enabling gradual silencing of viral cccDNA during cell division, 

which substantially reduces the risk of chromosomal translocations. This study is the first to 

utilise DEMs expressed from RNA expression vectors (pmRNA-pA and pT7-(AG)) to silence 

HBV viral replication. Given the complex nature of mRNA, IVT was optimised using two RNA 

expression platforms. Significant efforts were dedicated to optimising IVT for anti-DEM mRNA, 

resulting in successful silencing of HBV HBsAg, surface and pgRNA transcript levels, without 

adversely affecting cell viability or triggering an innate immune response. While in vivo delivery 

of anti-HBV DEM mRNA and its characterisation could not be performed the results produced 

align well with previous studies indicating this technology potential. However, it warrants further 

in-depth preclinical evaluations to fully ascertain the therapeutic potential of anti-HBV DEM 

mRNA and its effects on HBV replication 
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This study makes a significant original contribution by being the first to demonstrate the 

potential of expressing epigenome modifiers as IVTed mRNA for therapeutic use. It is also the 

first to use dual repressors (DNMTs and KRAB) to silence HBV, showing promising results 

despite the inability to conduct a thorough in vitro and in vivo evaluation. The findings indicate 

the potential effectiveness of this approach. Furthermore, this study highlights the versatility of 

the mRNA platform, demonstrating its adaptability as a therapeutic tool. The IVT process and 

platform can be further optimized to enhance expression and reduce immune stimulation, which 

are critical factors for therapeutic applications. 
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5.   Appendix 

Table 5.1: Description of plasmids used in this study 

 

 

 

Plasmid name Function  Source or reference  

pCH-9/3091 HBV target plasmid, contains a greater- than-genome 

length HBV genotype D sequence. 

Nassal et al., 1992 

pCMV-1696_ DEM 

(SR, SL, CR, CL, 

PR and PL) 

Plasmids that were cloned to contain TALE and 

mutant DNMT (DNMT 3A and DNMT 3L) targeting 

the surface, core and polymerase ORFs of HBV under 

the expression of CMV promoter  

Generously provided 

by Dr Kristie Bloom  

pCMV- 697_ DEM 

(SR, SL, CR, CL, 

PR and PL) 

Plasmids that were cloned to contain TALE, KRAB 

and active DNMT (DNMT 3A and DNMT 3L) 

targeting the surface, core and polymerase ORFs of 

HBV under the expression of CMV promoter 

Generously provided 

by Dr Kristie Bloom 

pCMV-TALENs  

(SR, SL, CR, PL 

TALENs) 

Plasmids designed to target four conserved sites 

within the S, C and P ORFs of HBV. right and left 

TALE arrays cloned upstream of a FokI nuclease 

domain sequence. This entire sequence is under the 

transcriptional control of a CMV promoter/enhancer. 

Bloom et al., 2013 

pmRNA-CMV-pA Plasmid specifically designed to contain functional 

elements required for IVT.  

Unpublished work 

(Danielle Gast) 

pmRNA-CMV-

eGFP 

Reporter plasmid. Plasmid was generated by cloning 

the eGFP sequence into the mRNA backbone 

(pmRNA-pA)  

This study (in 

conjunction with Ms 

Tiffany Smith) 

pT7-Luc 2 Reporter plasmid used for the expression of luciferase 

mRNA from a mRNA expression system containing 

the functional elements required for IVT.  

Unpublished work  

(Dylan Kairuz) 

pT7-mCherry  Reporter plasmid used for expression of mCherry 

mRNA from the pT7-mRNA expression system that 

contains the functional elements required for IVT. 

Unpublished work 

(Prof. Abdullah Ely) 

T7-VEE-FLuc 

IRES 

IRES FLuc mRNA reporter plasmid that functions by 

a Cap-independent manner and was used for the 

expression of luciferase mRNA 

Prof. Patrick Arbuthnot  
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5.1 Gel electrophoresis 

Agarose Gel 

Materials  

 50× Tris Acetate EDTA (TAE) gel electrophoresis running buffer (242 g Tris HCL, 100 

ml of 0.5 M EDTA pH 8, 57.1 ml glacial acetic acid in 1L double distilled water (ddH2O) 

 Ethidium Bromide (10 mg/ml) (Sigma-Aldrich, MO, USA)   

 6× Loading dye (Thermo Scientific, CA, USA) 

Protocol 

To prepare a 1% agarose gel, 1g of agarose was mixed with 100 ml of 1× TAE buffer and heated 

in a microwave for 5 minutes at half power until dissolved. After cooling, 2 μl of ethidium 

bromide was added. The mixture was poured into a gel chamber with a comb to create wells and 

allowed to solidify at room temperature. Once solid, the gel was placed in an electrophoresis 

chamber with 1× TAE buffer and run at 100 volts for 45 minutes. DNA was then visualized using 

the Omega Fluor™ Gel Documentation System (Gel Company Inc., CA, USA). 

Formaldehyde agarose Gel  

Materials   

 10× 3-(N-morpholino) propanesulfonic acid (MOPS), (0.2M MOPS, pH7.0, 20mM 

Sodium Acetate (NaOAc), 10mM Ethylenediaminetetraacetic acid (EDTA), pH 8.0) 

 2X RNA Loading dye (Thermo-Scientific, MA, USA)  

Protocol 

To prepare a denaturing 1% agarose gel, 1g of agarose was weighed and mixed with 72 ml of 

DEPC-treated H2O and heated in a microwave. The melted agarose was cooled to approximately 

60 °C thereafter 18 ml 32% Formaldehyde solution (Sigma-Aldrich, MO, USA) and 10 ml 10× 

MOPS Buffer (final concentration of 1×) added, mixed, poured into a casting tray and a gel 

comb.                
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5.2 Extraction of DNA fragments from agarose gel  

Materials  

MinElute Gel Extraction kit (Qiagen, Hilden, Germany) 

Isopropanol  

Protocol  

The DNA fragment of interest was visualised using a UV transilluminator while wearing 

personal protective gear. The band of interest was excised from the agarose gel using a scalpel 

blade and each gel slice was placed in a microcentrifuge tube and weighed. To each tube, 3 

volumes of guanidine thiocyanate Buffer (QG buffer) was added to 1 volume of gel (300 µl per 

100 mg gel). The gel slices were melted by incubating the tubes at 50 °C for 10 minutes and 

periodically mixed by inverting the tubes. One gel volume of isopropanol was added to the 

samples, mixed, and briefly centrifuged. Samples were transferred to a QIAquick spin column 

with 2 ml collection tube and centrifuged for 1 minute at maximum speed (10 000 ×g) in a 

standard bench-top microcentrifuge to bind the DNA. The flow-through was discarded and the 

QIAquick spin column was placed back into the collection tube. Five hundred microlitres of 

Buffer QG was added to the column and centrifuged at maximum speed (10 000 ×g) for 1 

minute. The flow-through was discarded and to wash the DNA 750 μl of Buffer PE of was added 

to the column and centrifuged at 10 000 ×g for 1 minute. To elute the DNA, the QIAquick spin 

column was transferred into a clean microcentrifuge tube and 30 μl of ddH2O was added to the 

QIAquick spin column and incubated for 5 minutes at room temperature. After incubation the 

samples were centrifuged at 10 000 ×g and the eluted DNA was stored at -20 °C. 

5.3  Preparation and transformation of chemically competent E. coli  

Materials 

 Luria-Bertani (LB) media (5 g Yeast extract, 10 g of Bacto-tryptone, 5 g NaCl, to 1 L 

ddH2O) 

 Transformation buffer (100 mM CaCl2, 10 mM PIPES-HCl, 15% glycerol)  

 1000× ampicillin (Roche Applied Science, Mannheim, Germany): (1g of ampicillin in 10 

ml ethanol) 
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 Luria-Agar (LA) (Oxoid, UK) plates: (10 g agar, 5 g Yeast extract, 10 g of Bacto-

tryptone, 5 g NaCl, to 1 L ddH2O)  

Protocols 

Transforming chemically competent E. coli  

For ligation reactions, 10 µl of plasmid DNA was mixed with 100 µl of competent E. coli and 

incubated on ice for 30 minutes. The cells underwent a heat shock at 42°C for 90 seconds, 

followed by a 5-minute incubation on ice. The transformed E. coli was then plated on LB plates 

with selective antibiotics. 

5.4 Large-scale plasmid preparation 

Materials  

 Plasmid Maxi Kit (Qiagen, Hilden, Germany) 

 P 1 buffer: (3.72g EDTA, 6.06 g Tris-HCl RNaseA (100 µg/mL), pH 8.0 in 1 L ddH2O) 

 P 2 buffer: (10 g SDS, 8 g NaOH in 1 L) 

 P 3 buffer: (380 g guanidine HCl ,49 g potassium acetate, pH 4.5 in 1 L ddH2O) 

 QBT buffer (30.3 g Tris-HCl, 0.372 g EDTA, 12 g NaCL, pH 7.5 in 1 L ddH2O) 

 QC buffer: (1.2 g Tris-HCl, 80% ethanol, pH 7.56 in 1 L) 

 QF buffer: (30.3 g Tris-HCl, 0.372 g EDTA, 12 g NaCL, 50% isopropanol pH 7.5 in 1 L 

ddH2O) 

Protocol  

A single colony containing the plasmid DNA of interest was used to inoculate 200 ml of LB 

media supplemented with ampicillin (100 μg/ml) and the bacterial culture was incubated 

overnight at 37 °C in a shaking incubator. The next day, the bacterial culture was centrifuged at 

6000 ×g for 30 minutes. Ten millilitres of P1 were used to re-suspend the pellet and the solution 

was transferred to a 50 ml tube. Thereafter 10 ml of buffer P2 was added, and gently mixed by 

inverting the tube 4-6 times and allowed to incubate for 5 minutes at room temperature. Ten 

millilitres of chilled buffer P3 was added and gently mixed by inverting the tube 4-6 times and 

then incubated on ice for 20 minutes. After the incubation, the samples were centrifuged at 6000 

×g for 45 minutes. Ten millilitres of buffer QBT was added to A Qiagen-tip 500 column to 

equilibrate the column and allowed to empty by gravity flow. Supernatant was added to the 

column and allowed to enter the resin by gravity flow.  The column was washed twice with 30 ml 
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of buffer QC. Thirty millilitres of buffer QC was used to wash the column twice. Qiagen-tip 500 

column was transferred to a sterile 50 ml collection tube and 15 ml of buffer QF was added to 

elute the DNA. DNA was precipitated by adding 10.5 ml of isopropanol, mixed and centrifuged 

at 15 000 ×g for 30 minutes at 4 °C. Isopropanol was discarded and the DNA pellet was washed 

by adding 5 ml of 70% ethanol, and centrifuged at  15 000 ×g for 20 minutes at 4 °C. Ethanol 

was discarded, the DNA pellet was left to air dry for 5 minutes and then re-suspended in 100 μl 

of distilled water and stored at -20 °C. 

5.5  In vitro transcription protocols  

Material  

 Formaldehyde agarose Gel  

 0.5 M EDTA Stock Solution (7.3 g EDTA in 50 ml NF.H2O, pH 8.0 with NaOH)  

 LiCl Solution (3.2 g LiCl + 1 ml 0.5 M EDTA in 10 ml NF.H2O) 

 Cellulose chromatography buffer: (1.2 g of HEPES (10 Mm), 0.01 g of ETDA (0.1 Mm), 

3.7 g of NaCl (125 mM), 16% (v/v) ethanol). 

Protocols 

5.5.1  RiboMAX
TM

 Large Scale RNA Production System (Promega, WI, USA)Table  

 Table 5.2 : IVT reaction setup with RiboMAX
TM

 Large Scale RNA Production System reaction 

set up 

 

 

T7 Reaction Components Sample Reaction Control Reaction 

RiboMAX™ Express T7 2× 

Buffer* 

50 µl 50 µl 

Linear DNA template (5 µg 

total) 

5–40 µl - 

pGEM® Express Positive 

Control Template (1 µg) 

- 5 µl 

Nuclease-Free Water 5–35 µl 35 µl 

Enzyme Mix, T7 Express 10 µl 10 µl 

Final volume  100 µl 100 µl 
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5.5.2 Transcript T7 High Yield Transcription Kit (ThermoScientific, CA, USA) 

Table 5.3 : IVT reaction setup with Transcript T7 High Yield Transcription Kit 

T7 Reaction Components Sample Reaction (100 µl reaction) 

DEPC-treated water to 100 µl 

5× TranscriptAid Reaction Buffer 20µl 

ATP/CTP/GTP/UTP mix 40 µl 

Template DNA 5 µg 

TranscriptAid Enzyme Mix 10 µl 

Final volume 100 µl 

5.5.3  New England Biolabs (NEB) individual IVT components (New England 

Biolabs, NJ, USA) 

Table 5.4: IVT reaction setup with NEB IVT components, TriLink Buffer and CleanCap AG 

Component 100 μL Reaction 

DNase/RNase-Free Water Made up to 100 

ATP (100 mM) 5 µL 

CTP (100 mM) 5 µL 

GTP (100 mM) 5 µL 

UTP1 (100 mM) 5 µL 

CleanCap® AG (100 mM) 5 µL 

10× Transcription Buffer 10 µL 

DNA template 5 µg 

Murine RNase Inhibitor (40 units/µL) 2.5 µL 

Yeast Inorganic Pyrophosphatase (0.1 units/µL) 2 µg 

T7 RNA Polymerase (50 units/µL) 16 µg 

Total Volume 100 µL 
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TriLink Buffer Composition  

Table 5.5: Composition of 10× TriLink CleanCap® AG IVT buffer 

Component Stock concentration 

(mM) 

Volume of stock (µl) Final concentration 

(mM) 

Magnesium acetate 1000 270 165 

DTT 1000 100 100 

Spermidine 200 100 20 

Tris HCl, pH 8  1000 400 400 

Triton X-100 0.2% v/v 2 0.02 % v/v 

Nuclease free water  - 128 - 

Total Volume  1000  

 

5.6 Nucleic acid extraction protocols  

5.6.1 RNA extraction from monolayer cells  

Materials 

 TRIzol® Reagent (Thermo Scientific, CA, USA) 

 Protocol 

Cells were washed twice with cold PBS. One millilitre of TRIzol® Reagent (Thermo Scientific, 

CA, USA) was added per well (per 10 cm
2
 of culture plate surface area), the cells were re-

suspended and transferred to a clean 1.5 ml microcentrifuge tube. To allow complete dissociation 

of nucleoprotein complexes, samples were allowed to incubate for 5 minutes at room 

temperature. Two hundred microlitres of chloroform was added to the sample and mixed 

vigorously for 15 seconds. Samples were incubated at room temperature for 5 minutes and 

centrifuged at 1 000 ×g   for 15 minutes at 4 °C. Approximately 300 µl of the upper aqueous 

phase was transferred to a new 1.5 ml microcentrifuge tube and 500 µl of isopropanol was 

added, mixed by inverting the microcentrifuge tube and incubated at room temperature for 5 

minutes. Following incubation, RNA was precipitated by centrifuging the samples at 12 000 ×g   

for 10 minutes at 4 °C. The supernatant was discarded, and the pellet was washed in 1 ml of 75% 

ethanol followed by centrifugation at 7 500 ×g for 5 minutes. The supernatant was removed, and 
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pellet briefly centrifuged to remove residual ethanol. The pellet was left to air dry for 

approximately 5 minutes and re-suspended in 85 µl of RNase free H2O. To remove 

contaminating DNA, extracted RNA samples were treated with 5 U of DNase I and 1× DNase 

buffer and incubated at 37°C for an hour. Following incubation, RNA was precipitated using 500 

µl chilled 100% ethanol and incubated at -20 ℃ for one hour. RNA was centrifuged at 12 000 ×g   

for 15 minutes at 4 ℃ and supernatant was discarded. RNA pellets were washed 500 µl 70% 

ethanol and centrifuged again at 12 000 ×g for 10 minutes at 4 ℃. Total RNA was resuspended 

in RNase free H2O and concentration and purify of the RNA samples were measured by 

spectrophotometry using the N80 Nanophotometer Spectrophotometer (Implen, CA, USA) and 

stored at -80 °C. 

5.6.2 DNA extraction from monolayer cells  

Materials  

 QIAamp® DNA Blood Mini Kit (Qiagen, Hilden, Germany) 

Protocol 

Two hundred microliters of Huh7 cells, harvested from transfections in a 48-well plate, were 

used for DNA extraction. This is equivalent to approximately 0.12×10
6
 cells, based on the cell 

density of the wells used. To this, 20 µl of proteinase K was added, and the solution was mixed 

by pulse vortexing for 15 seconds vigorously. Following this, 200 µl of AL buffer was added and 

mixed again by pulse vortexing for 15 seconds and samples were incubated at 56 °C for 10 

minutes. After incubation, the samples were centrifuged briefly, and 200 µl of ethanol (98-

100%) was added to each sample and mixed by pulse vortexing for 15 seconds. The solution was 

then transferred to a spin column and centrifuged at 6000 × g for 1 minute, discarding the flow-

through. To the column, 500 µl of AW1 buffer was added, and the column was centrifuged at 

6000 × g for 1 minute; the flow-through was discarded. Next, 500 µl of AW2 buffer was added 

to the column, which was then centrifuged at 20,000 × g for 3 minutes, with the flow-through 

discarded. The column was transferred to a new collection tube and centrifuged at 20,000 × g for 

an additional minute to remove residual buffer. The column was then placed into a clean 1.5 ml 

microcentrifuge tube, and 200 µL of ddH2O was added. After incubation at room temperature for 
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5 minutes, the sample was centrifuged at 6000 × g for 1 minute. The DNA concentrations were 

confirmed using N80 Nanophotometer Spectrophotometer (Implen, CA, USA) 

5.7 Cell culture: maintenance and propagation of mammalian cells 

Materials   

 High glucose DMEM: (5 sachets of DMEM high glucose powder (Gibco™, Thermo 

Scientific, CA, USA), 18.5 g of NaHCO3, pH was adjusted to 6.7 -6.8, 5L ddH2O) 

 Low glucose DMEM: (5 sachets of DMEM low glucose powder (Gibco™, Thermo 

Scientific, CA, USA), 18.5 g of NaHCO3, pH was adjusted to 6.7 -6.8, 5L ddH2O) 

 1000× penicillin/streptomycin (100 000 U/ml; 100 000 ug/ml): (0.9 g penicillin G sodium 

salt, 1.5 g streptomycin sulphate, 15 ml ddH2O) 

 200× 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (1 M): (11.91506 g 

HEPES in 25 ml) 

 1000× hydrocortisone (50 mM): (0.18123 g hydrocortisone in 10 ml of methanol) 

 1000× insulin (5 mg/ml): (25 mg insulin in 5 ml diluted HCl (5 mM)) 

 1000× G418 (Geneticin) (400 mg/ml): (5 g of G418 in 8.9875 ml of PBS) 

 Saline/0.01% EDTA solution (1 ml 10% EDTA in 1 L of saline solution) 

 Complete high glucose DMEM and low glucose DMEM (Thermo Scientific, CA, USA): 

(450 ml of DMEM, 50 ml of 10% foetal bovine serum (FBS), 500 µl 

penicillin/streptomycin) 

 Complete DMEM/F12, GlutaMAX
tm

 supplement (Life Technologies): (450 ml of 

DMEM/F12, 50 ml of 10% foetal bovine serum (FBS), 1 ml penicillin/streptomycin, 2.5 

ml HEPES, 500 µl hydrocortisone, 500 µl insulin, 500 µl G418) 

 Collagen coating: A concentration of 50 µg of rat tail collagen I (Gibco™, Thermo Fisher 

Scientific, CA, USA) was used to coat a surface area of approximately 10 cm² 

Protocols  

Maintenance of cultured cells  

In this study, Huh7, HepG2.hNTCP, and HEK293T cells were used. Cells were grown in 

CellStar® cell culture flasks (Greiner Bio-One, Frickenhausen, Germany). Huh7 cells were 

maintained in complete low-glucose DMEM, while HEK293T cells were maintained in complete 

high-glucose DMEM. HepG2.hNTCP cells were cultured in complete DMEM/F12 with 

GlutaMAX™. All cells were incubated in a humidified incubator at 37 °C and 5% CO2. The 

Olympus CKX31 light microscope (Olympus, Tokyo, Japan) was used to monitor the cells. 
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General procedure used for propagation of cells 

The cells were subcultured upon reaching a density of 90-100% by washing once with saline and 

EDTA and subsequently incubated for 10 minutes at 37°C in saline containing 0.01% EDTA. 

Following the 10-minute incubation the saline and EDTA solution was removed, 3 ml of 

TrypLE™ Express (Thermo Scientific, CA, USA) was added and the cells incubated for an 

additional 3 minutes TrypLE™ Express was omitted for HEK293 cells. The cells were then 

gently lifted from the culture dish by gentle aspiration. Seven milliliters of culture medium was 

added to inactivate TrypLE™ Express. The cell suspension was transferred into in sterile 15 mL 

tube and centrifuged for 3 minutes at 800 rpm. The supernatant was discarded, and 1 ml of 

complete growth medium was used to re-suspend the pellet. Cells were resuspended at the 

desired density and added to culture flasks or plate with the appropriate volume of growth media 

added. Cells were incubated at 37 °C (5% CO2) in a humidified incubator. 

5.8 Assessment of HBsAg using ELISA 

Materials  

 Monolisa™ HBs Ag ULTRA kit (Bio-Rad, CA, USA) 

Protocol  

The Monolisa™ HBs Ag ULTRA kit (Bio-Rad, CA, USA) was used according to the 

manufacturer’s instructions to measure HBsAg levels. One hundred microlitres of supernatant 

along with the negative and positive controls were added to a well of the microplate and 50 µl of 

conjugate working solution was added to each well, mixed, covered with adhesive film and 

incubated at 37 °C for 1 hour and 30 minutes. Following the incubation, the plate was washed 

using the APW-200 microplate washer (Allsheng, Instruments, Co., HA, CN). One hundred 

microlitres of the development solution containing the substrate was added to each well and 

incubated in the dark for 30 minutes at room temperature. Thereafter the reaction was terminated 

using 100 μl of stopping solution and incubated at room temperature for 4 minutes. The OD of 

the samples were measured at 490/655 nm using the iMark™ Microplate Reader (Bio-Rad, CA, 

USA).
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Figure 5.1: Plasmids maps of pCMV-dDEM and pCMV-DEM under the control of a CMV promoter.  (A) An active DEM 

consists of TALE-DBDs targeting the S, C, and P ORFs within the HBV genome, combined with key effector domains, including 

KRAB and DNMT (DNMT3A in conjunction with DNMT3L) domains. (B) An inactive DEM comprises the same TALE-DBD as the 

active DEM and is combined with a dDNMT (mutant DNMT3A in conjunction with DNMT3L) and lacks the KRAB domain. 

SnapGene® software (from GSL Biotech; available at snapgene.com) was used to generate the plasmid maps.

A B A B 
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Figure 5.2: Restriction enzyme digestion of pmRNA-pA backbone.  (A) The pmRNA-pA 

plasmid was double digested with XbaI and ApaI to extract the backbone for cloning. Lane 1: 

Molecular weight marker (O’GeneRuler DNA Ladder Mix). (B) Simulated digestion of pmRNA-

pA encoding plasmids. A 1% agarose gel generated showing the expected fragment sizes for the 

digestion of pmRNA-pA with XbaI and ApaI (Lane 1). Fragment sizes for each band are 

indicated below, and the molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix. 

The simulated gel was generated using SnapGene® software (GSL Biotech; available at 

snapgene.co 
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Figure 5.3: Restriction enzyme digestion of CMV inactive and active DEMs to excise the TALE-encoding domain.  (A) The 

pCMV-dDEM and pCMV-DEM-encoding plasmids were double digested with XbaI and BamHI to excise the TALE-encoding DBDs 

targeting the S, C and P ORFs of HBV indicated by the arrow. Lane 1: Molecular weight marker (O’GeneRuler DNA Ladder Mix). 

(B) Simulated digestion of pCMV-dDEM in Lane 1 and pCMV-DEM in Lane 2. A 1% simulated agarose gel generated showing the 

expected fragment sizes for the digest of CMV inactive and active DEMs. Fragments sizes for each band are indicated below, and the 

molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at 

snapgene.com) was used to generate the simulated gel. 
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Figure 5.4: Restriction enzyme digestion of CMV inactive and active DEMs to excise the effector-encoding domains.  (A) The 

pCMV-dDEM and pCMV-DEM plasmids were double digested with BamHI and ApaI to excise the dDNMT from the inactive DEM 

and the KRAB and DNMT domains from the active DEM, as indicated by the arrow. Lane 1: Molecular weight marker (O’GeneRuler 

DNA Ladder Mix). (B) Simulated digestion of pCMV-dDEM in Lane 1 and pCMV-DEM in Lane 2. A 1% simulated agarose gel was 

generated indicating the expected fragment sizes for the digest of CMV inactive and active DEMs with BamHl and ApaI. Fragments 

sizes for each band are indicated below, and the molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix. SnapGene® 

software (from GSL Biotech; available at snapgene.com) was used to generate the simulated gel. 

A

V 

B 



Appendix 

167 

 

5.9  mRNA Platforms for Expressing Transgene Sequences 

5.9.1 GFP reporter mRNA expression vector   

The pCMV-eGFP double digested with XbaI and ApaI excised a 727 bp backbone band 

corresponding to eGFP encoding sequence (Figure 5.5). In separate reaction the pmRNA-pA 

backbone double digested with XbaI and ApaI yielded 3737 bp backbone fragment used to for 

insertion of eGFP transgenes (Figure 5.2). The eGFP-encoding sequence was ligated into the 

pmRNA-pA vector produced pmRNA-GFP and screening with Alw44I and AvaII produced the 

expected banding patterns (Figure 5.6). The constructed plasmids are shown schematically in 

Chapter 2, Figure 2.2.  
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Figure 5.5: Restriction enzyme digestion of pCMV-eGFP -encoding plasmid.  (A) Plasmid 

map of pCMV-eGFP showing the two BsaI restriction sites. (B) The pCMV-eGFP encoding 

plasmid was double digested with XbaI and ApaI to excise the eGFP-sequence. The expected 

727 bp band representing eGFP is indicated by the arrow. Lane 1: Molecular weight marker 

(O’GeneRuler DNA Ladder Mix).   

 

A B 
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Figure 5.6: Confirmation of GFP reporter mRNA expression vector by enzymatic digestion.  (A) Plasmid map showing 

pmRNA-GFP generated by ligation of eGFP-encoding sequence into pmRNA-pA backbone. The pmRNA-GFP contains a single 

BbsI/BpiI restriction site suitable for linearisation of the plasmid DNA and consists of a total size of 4464 bp containing the essential 

elements required for IVT. (B) The pmRNA-GFP plasmid was digested with Alw44I produces fragments sizes of 2721 bp, 1246 bp 

and 497 bp and AvaII produces fragments sizes of 2368 bp, 1874 bp and 222 bp confirming the expected banding pattern Lane 1: 

MWM, Molecular weight marker (O’GeneRuler DNA Ladder Mix). 

 

A B 
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5.9.2 Active pmRNA-DEMΔKRAB plasmids 

pmRNA-pA backbone double digested with XbaI and ApaI yielded 3737 bp backbone fragment 

(Figure 5.2). In separate reactions pCMV-DEM plasmids double digested XbaI and BamHI 

yielded 1642 bp DNMT domain-encoding sequences (Figure 5.4). While double digested pVAX-

CMV TALEN plasmids excised 2346 bp band corresponding to remaining TALE domain-

encoding sequences (Figure 5.7) which were ligated into the the pmRNA-pA plasmid. This 

produced pmRNA- DEMΔKRAB plasmids (pmRNA-S, -C and -P DEMΔKRAB) (Figure 5.8). 

Screening with BamHI and ApaI verified the presence of DNMT domain sequences, while XbaI 

and BamHI confirmed the KRAB and TALE domains in active DEMs. XbaI and NheI screening 

further confirmed absence of KRAB domain in these constructs. All clones exhibited the 

expected banding patterns (Figure 5.8). The constructed plasmids are shown schematically in 

Chapter 2, Figure 2.3.  
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Figure 5.7: Restriction enzyme digestion of pVAX-CMV TALEN-encoding plasmids.  

(A)The pVAX-CMV-S, C and P TALEN-encoding plasmids were double digested with XbaI 

and BamHI to excise the TALE-encoding domain without the KRAB-encoding domain indicated 

by the arrow. Lane 1: Molecular weight marker (O’GeneRuler DNA Ladder Mix). (B) Simulated 

digestion of pVAX-CMV-S, C and P TALEN encoding plasmids. A 1% simulated agarose gel 

generated showing the expected fragment sizes for the digest of pVAX-CMVTALENs with XbaI 

and BamHl. (Lane 1). The fragments sizes for each band are indicated below and the molecular 

weight marker (MW) is the O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL 

Biotech; available at snapgene.com) was used to generate the simulated gel. 

B A 
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Figure 5.8: Confirmation of active pmRNA-DEMΔKRAB DNA by enzymatic digestion.  (A) Plasmid map representing active 

pmRNA-S, C and P DEMΔKRAB plasmids were generated by cloning TALE with active DNMT domain-encoding sequences into an 

RNA expression vector (pmRNA-pA). (B) Restriction digestion of active pmRNA-DEMΔKRAB.  Digestion with XbaI and BamHI 

produced 4899 bp, 2352 bp, and 480 bp bands, confirming the presence of the TALE domain-encoding sequence. Digestion with 

BamHI and ApaI produced 6089 bp and 1642 bp bands, confirming the presence of the inactive DNMT domain-encoding sequence. 

Digestion with NheI and XbaI produced in 4899 bp, 2790 bp, and a 36 bp band (off-agarose gel), confirming the absence of the KRAB 

domain-encoding sequence. Lane 1: MWM, Molecular weight marker (O’GeneRuler DNA Ladder Mix). 

A B 
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Figure 5.9: Restriction enzyme digestion of pUC57-ECS -encoding plasmid with NdeI and Esp3I.  (A) Plasmid map representing 

pUC-57 mini plasmid containing the ECS insert flanked by NdeI and BsaI restriction sites indicated in red. (B) The pUC57-ECS 

plasmid was double digested with NdeI and BsaI excising the ECS insert at the expected fragment size of 498 bp indicated by the 

arrow. On the right is a 1% simulated agarose gel generated showing the expected fragment sizes for the digest of pUC57-ECS with 

Ndel and BsaI. (Lane 1). The fragments sizes for each band are indicated below and the molecular weight marker (MW) is the 

O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at snapgene.com) was used to generate the 

simulated gel. 
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Figure 5.10: Restriction enzyme digestion of pUC57-ECS -encoding plasmid with NdeI and Esp3I.  (A) Plasmid map 

representing pT7(AG) RNA expression vector with essential elements required for IVT. (B) A 1% simulated agarose gel generated 

showing the and expected fragment sizes for the digest of pT7(AG) with NdeI and Esp3I. (Lane 1). The fragments sizes for each band 

are indicated below.  
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Figure 5.11: Restriction enzyme digestion of pT7(AG)-ECS 4×S-encoding plasmid. (A) Restriction digestion of pT7(AG)-ECS 

4×S plasmid by ApaI and AvaII, BanII and XhoI and BglI and XhoI confirming the correct ligation of ECS insert into pT7(AG) 

plasmid. (B) Double digestion of pT7(AG)-ECS 4×S plasmid with Esp3I and ApaI to allow for the ligation of transgene sequences. 

(C-D) 1% simulated agarose gel generated showing the expected fragment sizes for the digest of pT7(AG)-ECS 4×S with (C) ApaI 

and AvaII, BanII and XhoI and BglI and XhoI and (D) Esp3I and ApaI. All expected fragments were obtained. The fragments sizes for 

each band are indicated below and the molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix. SnapGene® software 

(from GSBotech; available at snapgene.com) was used to generate the simulated gel. 
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Figure 5.12: Restriction enzyme digestion of active pmRNA-DEMs. (A) Active pmRNA-DEM plasmids were double digested with 

NcoI and XhoI to excise the TALE HA-KRAB-TALE (TALE 362 bp) fragments at 680 bp as indicated by the arrow. Lane 1: 

Molecular weight marker (O’GeneRuler DNA Ladder Mix). (B) Simulated digestion of Active pmRNA-DEM plasmids in Lane 1. A 

1% simulated agarose gel was generated indicating the expected fragment sizes for the digest of active pmRNA-DEM with NcoI and 

XhoI. Fragments sizes for each band are indicated on the right, and the molecular weight marker (MW) is the O’GeneRuler DNA 

Ladder Mix. SnapGene® software (from GSL Biotech; available at snapgene.com) was used to generate the simulated gel.             

 

A B 



Appendix 

177 

 

                                   

Figure 5.13: Restriction enzyme digestion of active pmRNA-DEMs to excise the TALE-DNMT-encoding sequences.  (A) Active 

pmRNA-DEM plasmids were double digested with XhoI and ApaI to excise the TALE-DNMT-encoding fragments at 3640 bp as 

indicated by the arrow. Lane 1: Molecular weight marker (O’GeneRuler DNA Ladder Mix). (B) Simulated digestion of Active 

pmRNA-DEM plasmids in Lane 1. A 1% simulated agarose gel was generated indicating the expected fragment sizes for the digest of 

active pmRNA-DEM with XhoI and ApaI. Fragments sizes for each band are indicated below, and the molecular weight marker (MW) 

is O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at snapgene.com) was used to generate the 

simulated gel 
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5.9.3 Active pT7(AG)-DEMΔKRAB 4×S plasmids 

The pT7(AG)-ECS 4×S backbone double digested with Esp3I and Apal yielded a 3610 bp 

backbone fragment (Figure 5.11 B). In separate reactions pmRNA-SR, SL, PL DEMs double 

digested NcoI and XhoI yielded 383 bp corresponding TALE 362 bp (Figure 5.14 A). While 

double digested pmRNA-SR, SL, PL DEMs excised 3640 bp band corresponding to remaining 

TALE-DNMT-encoding domains (Figure 5.14 B) which were ligated into the the pT7(AG)-ECS 

4×S plasmid. This produced pT7(AG)-DEMΔKRAB 4×S plasmids (pT7(AG)-SR, -SL, and -PL 

DEMΔKRAB 4×S) (Figure 5.15). Screening with BanII, PvuII and XbaI and NheI confirmed 

successful cloning with expected banding patterns achieved with all six DEMs (Figure 5.15). 
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Figure 5.14: Restriction enzyme digestion of active pmRNA-DEMΔKRAB to excise transgenes.  (A) Active pmRNA-

DEMΔKRAB plasmids were double digested with NcoI and XhoI to excise the HA-TALE (TALE 362 bp)-encoding fragments at 383 

bp as indicated by the arrow. Lane 1: Molecular weight marker (O’GeneRuler DNA Ladder Mix). On the right is a 1% simulated 

agarose gel was generated indicating the expected fragment sizes for the digest of active pmRNA-DEMΔKRAB plasmids with NcoI 

and XhoI. Fragments sizes for each band are indicated below. (B) Active pmRNA-DEMΔKRAB plasmids were double digested with   

XhoI and ApaI to excise the TALE-DNMT-encoding fragments at 3640 bp as indicated by the arrow. Lane 1: Molecular weight 

marker (O’GeneRuler DNA Ladder Mix). On the right is a 1% simulated agarose gel was generated indicating the expected fragment 

sizes for the digest of active pmRNA-DEMΔKRAB plasmids with XhoI and ApaI, and the molecular weight marker (MW) is the 

O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at snapgene.com) was used to generate the 

simulated gel. 
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Figure 5.15: Confirmation of active pT7-DEMΔKRAB AG 4× DNA by enzymatic digestion. (A) Active pT7-DEMΔ AG 4× 

plasmids were generated by cloning TALE domain-encoding along with DNMT (DNMT3A + DNMT3L) domain-encoding sequences 

into an pT7(AG)-ECS 4×S RNA expression vector. (B) Restriction digestion of active pT7(AG)-ECS 4×S plasmids with BanII, 

BamHI and PvuII.  All enzymatic digestion reactions produced expected banding pattern. Lane 1: MWM, Molecular weight marker 

(O’GeneRuler DNA Ladder Mix). 
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Table 5.6: Amino Acid Repeat-Variable Di-Residues (RVDs) of S, C, and P TALE-DBDs Responsible for Single Nucleotide 

Recognition (Bloom et al., 2013) 

 Right TALE  Left TALE 

Surface   TALE DBD amino acid 

sequence 

NI, HD, HD, NG, NG, NK, NI, NG, NI, 

NK, NG, HD, HDNI, NK, NI, NI, NK 

HD, HD, NG, NK, HD, NG, NK, HD, NG, 

NI, NG, NK, HD, HD, NG, HD NI, NG 

Core   TALE DBD amino acid sequence NI, NN, NN, NN, NN, NI, HD, HD, NG, 

NN, HD, HD, NG, HD, NN, NG, HD, NK 

NI, NG, HD, NI, NI, HD, NI, HD, NG, 

NG, HD, HD, NN, NN, NI, NN, NI, HD, 

Polymerase TALE DBD amino acid 

sequence 

NN, HD, NN, NG, HD, NI, NN, HD, NI, 

NI, NI, HD, NI, HD, NG, NG, NN, NK 

NI, HD, HD, HD, HD, NN, NG, NG, NN, 

HD, HD, HD, NN, NN, HD, NI, NI, HD 

 

Key:  

Amino acid RVD: Nucleotide target  

HD: C 

NI: A 

NG: T 

NK: G 

NN: G



Appendix 

182 

 

 

Sequencing results from S, C and P DEMs  
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1. pT 7(AG)-SR DE M 4× S TA LE Forward 

2. pT 7(AG)-SL DE M 4× S TA LE Forward 

3. pT 7(AG)-CR DE M 4× S TA LE Forward 

4. pT 7(AG)-CL DE M 4× S TA LE Forward 

5. pT 7(AG)-PR DE M 4× S TA LE Forward 

6. pT 7(AG)-PL DE M 4× S TA LE Forward 
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Figure 5.16: Sequencing confirmation of TALE-DBD sequences in Anti-HBV DEMs.  

Amino acid sequences of the S, C, and P TALEs were aligned, with the repeat variable diresidue 

(RVDs) responsible for single nucleotide recognition highlighted in the red box. Sequencing was 

performed in both directions using (A) forward and (B) reverse primers to obtain complete 

TALE-DBD sequences. Alignments were conducted using SnapGene® software (GSL Biotech; 

available at snapgene.com). 
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Figure 5.17: Sequencing confirmation of DNMT3A sequences in anti-HBV DEMs.  

Alignment of DNMT3A nucleotide sequences from S, C, and P DEMs DNA shows 100% 

identity with the reference plasmid DNMT3A sequence. SL, CR, and PL DEMs, nucleotides 

(WM) observed in the sequencing data represent artifacts rather than true mutations, are 

highlighted in red box. Alignment was performed using SnapGene® software (GSL Biotech; 

available at snapgene.com). 
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Figure 5.18: Sequencing confirmation of DNMT3L sequences in anti-HBV DEMs.  

Alignment of DNMT3L nucleotide sequences from S, C, and P DEM DNA shows 100% identity 

with the reference plasmid DNMT3L sequence. Sequence alignment was performed using 

SnapGene® software (GSL Biotech; available at snapgene.com). 
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Figure 5.19: Immunofluorescence detection of pT7(AG)-DEMΔKRAB 4×S mRNA. Huh7 

cells were transfected with individual active pT7(AG)-DEMΔKRAB 4×S mRNA. In parallel, 

cells were transfected with mCherry mRNA to assess transfection efficiency. HA-tag expression 

was evaluated three hours post-transfection using a monoclonal primary mouse anti-HA antibody 

and a fluorescently labeled goat anti-mouse secondary antibody for detection (green). Nuclei 

were stained with DAPI (blue). Cells were visualized by fluorescence microscopy at 20× 

magnification. 



Appendix 

189 

 

            

                                

Figure 5.20: IVT of DEM produced from pT7-DEM 4× AG vector and assessment of 

transcriptional repression of HBsAg in vitro. (A) The IVT reaction of active DEM involved 

complete substitution of uridine with 5moU or m1ψ and was co-transcriptionally capped with 

TriLink CleanCap AG. Transcribed RNA was purified using cellulose and recovered via LiCl 

precipitation. IVTed mRNAs were visualized by 1% agarose gel electrophoresis. Lane 1: MWM, 

RiboRuler HR RNA ladder.  (B) The efficacy of DEM mRNA was evaluated following single 

mRNA transfection. Huh7 cells were transfected with an HBV replication-competent plasmid, 

followed by transfection with individual DEM mRNA or FLuc mRNA as a mock control. 

HBsAg levels were assessed 48 hours post-transfection. All transfections were performed in 

triplicate (n = 3). Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 

0.001; NS indicates non-significant results. 

A 
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Table 5.7: RT-qPCR results for HPRT Gene amplification in mock and DEM-transfected Huh7 

cells using Luna® Universal One-Step Reagent (without reverse transcriptase) 

Sample No Reverse Transcriptase 

Mock  31.78 31.63 30.11 

SR DEM mRNA 30.13 29.68 29.82 

SL DEM mRNA 29.71 31.14 32.22 

CR DEM mRNA 32.28 32.63 30.12 

CL DEM mRNA 29.94 29.73 29.30 

PR DEM mRNA 29.60 29.36 29.46 

PL DEM mRNA 29.30 29.27 29.94 
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5.10 Ethic Clearance  

 

 

While animal ethics was applied and granted, in vivo characterisation of IVTed anti-DEMs could 

not be carried out. 
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