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Abstract  
  

Hepatitis B Virus (HBV) is classified into nine genotypes, A to I, and at least 35 subgenotypes. 

In sub-Saharan Africa (SSA), (sub)genotypes A1, D3, and E prevail.  Different mutations in 

the basic core promoter (BCP) and/or precore (PC) region that affect the expression of HBeAg 

can affect clinical outcomes and progression to hepatocellular carcinoma (HCC). Subgenotype 

A1, has high oncogenic potential and mutations affecting HBeAg expression at transcriptional, 

translation and post-translation levels, resulting in early HBeAg seroconversion. G1862T 

mutation, frequently found in subgenotype A1 HBV isolated from HCC patients, interferes 

with signal peptide cleavage and leads to a decreased expression of HBeAg. The effect of the 

SSA HBV (sub)genotypes and the G1862T mutation on protein expression and host signalling 

pathways has not been studied. Therefore, in this thesis Huh7 cells were transfected with 

replication-competent clones of (sub)genotypes A1, A2, D3 E and G1862T mutation to study 

the proteome using mass spectrometry. Proteomic analysis revealed significantly differentially 

expressed proteins between different SSA (sub)genotypes and A1 with G1862T compared to 

the wild-type. These differentially expressed proteins were classified into signalling pathways. 

The different (sub)genotypes and the G1862T mutant of HBV were shown to affect various 

signalling pathways involved in three hallmarks of cancer including: immune evasion and 

persistence, sustained proliferative signalling and genome instability and mutation. In 

particular, subgenotype A1 was shown to favour the dysregulation of MAPK (immune evasion 

and persistence) and PI3K/Akt/mTOR (sustained proliferative signalling) pathways and when 

accompanied by the G1862T mutation showed dysregulation of DNA synthesis pathway 

leading to uncontrolled proliferation (genome instability and mutation). This was the first study 

that demonstrated, using comprehensive proteomic analysis differences among SSA genotypes 

and the effect of G1862T in protein expression in vitro. It provides novel insights into the 

molecular underpinnings of the oncogenic potential of HBV.  
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Preface  
 

This work in this thesis was undertaken at the Hepatitis Virus Diversity Research Unit, in the 

Department of Internal Medicine at the University of Witwatersrand, between January 2021 

and July 2024. No patient samples or patient data was used in this study therefore an ethical 

waiver was obtained from the University of the Witwatersrand Research Ethics Committee 

(Medical), Johannesburg, South Africa (HREC: W-CBP-210416-01).  

The aim of this study was the comparison of the proteome of Huh7 cells transfected with 

different (sub)genotypes of HBV prevailing in sub-Saharan Africa to study the effect on host 

signalling pathways.  

Objective 1: To transfect Huh7 cells with replication competent clones of (sub)genotypes A1, 

A2, D3 and E, to study the proteome using mass spectrometry  

Objective 2: To transfect Huh7 cells with replication-competent clones of wild-type and 

mutant G1862T mutant subgenotype A1 to study the proteome using mass spectrometry 

Objective 3: Using bioinformatics, to determine pathways differentially affected by the 

different (sub)genotypes and between the wild-type and the G1862T mutant of subgenotype 

A1.  

The objectives of the study were achieved, and the thesis is presented in the following structure:  

• Chapter One: Introduction: General Overview  

• Chapter Two: Paper I: Literature review: The Complex Role of HBeAg and Its 

Precursors in the Pathway to Hepatocellular Carcinoma, Status: Published in Viruses. 

• Chapter Three: Paper II: Article: Comparative proteomic analysis of Huh7 cells 

transfected with sub-Saharan African Hepatitis B Virus (sub)genotypes reveals 

potential oncogenic factors, Status: Published in Viruses. 

• Chapter Four: Paper III: Article: Proteomic analyses of Huh7 cells transfected with 

replication-competent clones of subgenotype A1, with and without the G1862T 

mutation, Status: Published in Current Issues in Molecular Biology (CIMB).  

• Chapter Five: Discussion and Conclusion. 

• References: References for literature cited in the published papers appear within the 

reference section of the papers themselves. References for all other citations appear in 
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the reference section at the end of the thesis. Some references may appear in both the 

papers and the thesis. 

• Appendices: Ethics certificate, permission to use publications in thesis, experimental 

workflow, and plagiarism declaration and report  
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Chapter 1: Introduction  

 
Hepatitis B, is caused by the hepatitis B Virus (HBV), a hepatotropic DNA virus belonging to 

the family Hepadnaviridae (Marion, Cullen et al. 1987). The family Hepadnaviridae consists 

of enveloped, partially double-stranded DNA viruses, with small circular genomes, which 

replicate via an RNA intermediate (Summers and Mason 1982). All members of the family are 

hepatotropic and can cause liver disease, including hepatitis, fulminant hepatitis, fibrosis, 

cirrhosis and hepatocellular carcinoma (HCC; liver cancer). Despite the availability of an 

effective vaccine, hepatitis B continues to be a major health concern, with over 254 million 

people chronically infected with HBV, with 1.2 million new infections each year. In 2022, 

hepatitis B  resulted in an estimated 1.1 million deaths globally as a result of severe liver disease 

(WHO 2024). 

  

1.1 Structure and Life cycle of the HBV  

The complete HBV virion, known as the Dane particle, consists of different components (Dane, 

1970; Trepo, 2015).  The viral envelope consists of a lipid bilayer membrane in which the large 

surface protein (LHBs), middle (MHBs) and small antigen (SHBs) of hepatitis B surface 

antigen (HBsAg) proteins are embedded (Block and Guo 2007, Baumert, Meredith et al. 2014). 

Collectively L, S, M envelope proteins are known as the (HBsAg) (İnan & Tabak, 2015; Kann 

et al., 2007; Yan et al, 2012). Enclosed in the envelope is the viral capsid, which is 42 nm in 

diameter and composed of hepatitis B core antigen (HBcAg). The capsid contains a loosely 

packed partially double-stranded circular DNA, with an incomplete positive strand and the 

HBV-encoded DNA polymerase (Tuttleman, Pourcel et al. 1986, Seeger and Mason 2015, 

Venkatakrishnan and Zlotnick 2016) (Figure 1A).  
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Figure 1: The structure (A) and replication cycle (B) of the HBV: 

 The image shows the structure of HBV (A) and replication cycle (B) of the HBV, adapted with permission from (İnan & Tabak, 2011) 
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To initiate an infection, the Dane particles, first bind loosely to heparan sulphate molecule on 

the surface of a hepatocytes (Nassal and Schaller 1996, Yan, Zhong et al. 2012, 

Venkatakrishnan and Zlotnick 2016), then the HBsAg initiates a high affinity binding with the 

sodium-taurocholate co-transporting polypeptide (NTCP) on the surface of hepatocytes, which 

allows the virion to be transported into the cytoplasm of the hepatocytes via endocytosis 

(Nassal and Schaller 1996, Yan, Zhong et al. 2012, İnan and Tabak 2015) (Figure 1B). After 

uncoating and release of the capsids in the cytoplasm, the DNA-filled capsids are imported into 

the nucleus, where disassembly occurs and the viral genome and the core proteins are released. 

The viral DNA is repaired through the host DNA repair mechanisms to become covalently 

closed circular DNA (cccDNA), which functions like host DNA (Wang and Seeger 1993, 

Seeger and Mason 2000, İnan and Tabak 2015) (Figure 1B). The cccDNA is transcribed using 

cellular mechanisms (Figure 1B). The 3.2 kilobases (kb) HBV genome has four overlapping 

reading frames and encodes for the five major RNA transcripts (Tiollais, Pourcel et al. 1985, 

Robaczewska, Narayan et al. 2005, Kramvis and Kew 2007, Spearman and Sonderup 2014). 

The RNA transcripts are two 3.5 kb, 2.4 kb, 2.1 kb and 0.7 kb in length (Levrero, Pollicino et 

al. 2009, Packianathan, Katen et al. 2010, Trépo, Chan et al. 2014). The two 3.5 kb transcripts 

function as the precore mRNA and the pre-genomic RNA (pgRNA), respectively 

(Packianathan, Katen et al. 2010). The mRNA molecules are transported out of the nucleus into 

the cytoplasm (Bartenschlager and Schaller 1992).  

Regulatory and structural proteins are formed by the translation of the mRNA transcripts 

(Hirsch, Loeb et al. 1991, Urban, Schulze et al. 2010, Zhang, Hou et al. 2013). The 3.5 kb 

pgRNA is translated into the polymerase and HBcAg, whilst 3.5 kb precore mRNA is translated 

into the preCore protein. The 2.4 kb PreS1 mRNA is translated into the LHBs whilst the 2.1 

kb PreS2/S mRNA is translated into MHBs and HBsAg. Lastly, the 0.7 kb HBx mRNA is 

translated into the X protein (Ganem and Varmus 1987, Beck and Nassal 2007, Urban, Schulze 

et al. 2010). (Figure 2).  
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Figure 2: The genome of HBV. 

The image shows the partially double-stranded DNA (dsDNA) and the four open reading 
frames shown in blue (polymerase ORF), green (PreS1/PreS2/S ORF for surface proteins, 
purple (precore/Core ORF), and yellow (X ORF). The translation of the mRNA and the protein 
products produced are also shown in the image. Image adapted with permission (İnan & Tabak, 
2011) 

 

The pgRNA template is used for the generation of the new viral DNA, however before this can 

occur, the pgRNA and the viral polymerase need to be encapsidated by HBcAg (Summers and 

Mason 1982, İnan and Tabak 2015). Following encapsidation, the viral polymerase binds to 

pgRNA and acts as a primer for the synthesis of the negative strand of the DNA chain through 

reverse transcription (Summers and Mason 1982, Summers, Smith et al. 1990, Wang and 

Seeger 1993, Beck and Nassal 2007, İnan and Tabak 2015, Seeger and Mason 2015). The 

negative strand and an RNase H are then used to synthesise an incomplete positive strand 

(Pugh, Zweidler et al. 1989, Loeb, Hirsch et al. 1991). During the synthesis of its DNA, HBV 

uses reverse transcriptase, lacking proofreading ability. Therefore, it is naturally prone to 

errors, which may end up with the evolution of rapidly mutant genes (Pugh, Zweidler et al. 

1989, Trepo 2014, İnan and Tabak 2015) (Figure 1B). 

Envelope proteins, which are translated by ribosomes on the endoplasmic reticulum (ER), are 

stored on the ER membrane and bud into the lumen after translation (Bruss, Lu et al. 1994, 

Bruss 2004). The HBeAg precursor p25 is translated and targeted to the ER membrane for post-

translational modifications (Trépo, Chan et al. 2014, İnan and Tabak 2015). The envelope 

proteins are released via exocytosis as non-infectious sub-viral spherical and filamentous 

particles or infectious Dane particles contain the HBV DNA and nucleocapsid, which are 
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surrounded by envelope proteins (Blumberg 1965, Dane 1970, Thomas, Yoneda et al. 2015). 

The ability of HBV to release different structural states is characteristic of the virology of HBV 

and allows for evasion of the immune system (Figure 1B).  

1.2 Viral proteins  

1.2.1 HBsAg  

The surface gene (S gene), which codes for the HBsAg, contains three in-frame start codons 

designated Pres1, Pres2 and S. This arrangement results in the production of proteins of 3 sizes 

(LHBs, MHBs and HBsAg), respectively.  These proteins make up the viral envelope. HBsAg 

proteins also form non-infectious spherical and filamentous subviral particles (SVPs), 

approximately 22 nm in diameter (Figure 1A). These non-infectious SVPs are secreted in 

excess, approximately 1,000- to 100,000-fold higher than the infectious particles (Ganem and 

Prince 2004, Chai, Chang et al. 2008). Furthermore, several genetic variations in the three 

antigenic determinants of HBsAg determine the serological subtype (Blumberg et al., 1965; 

Magnius and Norder, 1995; Purdy et al., 2007). Besides being a structural protein, HBsAg can 

cause the deregulation of both innate and adaptive immune systems (Bruss 2007, Boltjes, van 

Montfoort et al. 2015, Le Bert, Gill et al. 2020, Carty, Guy et al. 2021). 

 

1.2.2 HBV Polymerase  

The 90 kDa viral DNA polymerase (pol) is the largest HBV protein. The polymerase is between 

834 and 845 amino acids in length and is coded for by the polymerase gene which overlaps the 

surface gene (Seeger and Mason 2000). HBV DNA polymerase initiates viral replication by 

reverse transcription but lacks a proofreading function (Nowak, Bonhoeffer et al. 1996). First, 

the polymerase synthesises the single-stranded linear DNA by using the pgRNA as a template 

and subsequently synthesises partially double-stranded rcDNA (Yuen, Chen et al. 2018). The 

RNase H domain of the polymerase is responsible for RNA packaging and priming viral RNA 

binding, RNA packaging, protein priming, DNA synthesis, and RNA degradation (Hirsch, 

Lavine et al. 1990, Nowotny, Gaidamakov et al. 2005, Jones, Clark et al. 2014, Clark and Hu 

2015). 



6 
 

1.2.3 HBx 

HBx is the smallest HBV protein (154 amino acids), encoded by the X ORF, and is a non-

structural protein (Seeger and Mason 2000, Bruss 2007, Slagle and Bouchard 2016). Several 

studies have shown HBx has various functions including transactivator of the viral and cellular 

promoters, epigenetic modifications, ubiquitination, autophagy and non-coding RNA 

regulation, stabilisation and activation of cccDNA (Cha, Ryu et al. 2009, Slagle and Bouchard 

2016, Zhang, Han et al. 2017). Growing evidence shows that HBx plays an important role in 

viral persistence and liver pathogenesis, especially in hepatocarcinogenesis (Sartorius, 

Swadling et al. 2020, Sartorius, An et al. 2021, Zhao, Xie et al. 2021, Sivasudhan, Blake et al. 

2022). 

 

1.2.4 Molecular biology of HBeAg and HBcAg 

HBeAg, is a 17 kDa secreted protein expressed by every member of the family 

Hepadnaviridae, though its expression is not required to maintain infection. HBeAg is thought 

to have an immune-modulatory role that allows for humoral and cell-mediated immune evasion 

(You, Yang et al. 2004, Milich 2019). In addition, studies have shown that HBeAg can protect 

hepatocytes from apoptosis, by directing the immune response away from infected hepatocytes 

and contributing towards the development of HBV chronicity. Therefore, the antigen is 

described as both an immunogen and a tolerogen. HBeAg has been used clinically as an index 

of viral replication, infectivity, severity of disease and response to treatment (Milich and Liang 

2003, You, Yang et al. 2004, Milich 2019).  

HBcAg is a 21 kDa  protein, which shares the carboxyl end with HBeAg, and self-assembles 

to form the capsid (Schödel, Peterson et al. 1993, Crowther, Kiselev et al. 1994). Despite being 

a structural protein, it also binds to nuclear viral DNA, and is involved in the regulation of 

reverse transcription (Crowther, Kiselev et al. 1994). Furthermore, HBcAg affects the 

epigenetics of the virus and correlates with RNA specificity (Zlotnick, Venkatakrishnan et al. 

2015).  

The 25 kDa precursor of HBeAg (p25), is translated from the preCore/Core ORF on the precore 

mRNA, whilst HBcAg is translated from Core ORF on the pgRNA (Yuh, Chang et al. 1992, 

Yu and Mertz 1997, Kramvis, Kew et al. 2005) (Figure 3). The basic core promotor (BCP) of 

HBV controls the transcription of the precore/core from both transcripts. The translation of the 
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HBeAg precursor p25 from precore mRNA starts at the first ATG site, while the translation of 

the core protein on pgRNA starts at the second ATG (Bruss and Gerlich 1988, Garcia, Ou et 

al. 1988). p25 is translated and targeted to the ER membrane for post-translational 

modifications (Ou, Yeh et al. 1989, Trépo, Chan et al. 2014, İnan and Tabak 2015). In the ER, 

the 19 amino acid N terminal signal of p25 is proteolytically removed to yield the  HBeAg 

precursor,  p22 protein (Salhi, Messageot et al. 2001, Messageot, Salhi et al. 2003). Due to the 

presence of a nuclear localization signal (NLS) on the arginine-rich C-terminal domain (CTD) 

of p22, this protein can also be transported into the nucleus (Ou, Yeh et al. 1989, Yeh, Liaw et 

al. 1990). In vitro studies using sub-genomic p22, confirmed the protein’s nuclear and 

cytoplasmic localization, however, the role of p22 in the nucleus is still to be determined (Ou, 

Yeh et al. 1989, Deroubaix and Kramvis 2021). The p22 protein undergoes further modification 

in the ER through the cleavage of the CTD by a furin endoprotease to give rise to the mature 

HBeAg, which is also known as p17 (Ito, Kim et al. 2009, Packianathan, Katen et al. 2010, 

Alexander, Jurgens et al. 2013, Venkatakrishnan and Zlotnick 2016). The mature HBeAg is 

secreted in a soluble form in the blood serum (Magnius and Espmark 1972, Di Bisceglie 2009, 

Padarath, Deroubaix et al. 2023) (Figure 3). 

HBeAg can form part of a complex of three species of proteins known as HB core-related 

antigen (HBcrAg), which consists of related proteins sharing an identical 149 amino end 

sequence with different post-translational modifications on the carboxyl end: HBcAg (21 kDa), 

HBeAg (17 kDa), and a truncated 22 kDa precore protein (p22Cr). Like HBeAg, p22cr is also 

a processed product of the precore protein, but with protein processing only occurring at the C-

terminal and not the amino end (Hong, Luckenbaugh et al. 2020) (Figure 3). Recent studies 

have shown that the detection of HBcrAg levels is a useful marker for disease monitoring, 

predicting treatment response, and disease outcome of chronic hepatitis B (CHB) and can also 

predict the risk of HCC (Honda, Shirasaki et al. 2016, Mak, Wong et al. 2018, Kramvis, Chang 

et al. 2022, Padarath, Deroubaix et al. 2023)” 
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Figure 3: Biogenesis of HBeAg and its precursors. 

This figure demonstrates HBeAg and HBcAg translation from the preCore/Core ORF, and 
has been used with permission from (Padarath, Deroubaix et al. 2023) 
(http://creativecommons.org/licenses/by/4.0/, accessed on 23 March 2024). 

 

Precore and core mutations  

Genetic mutations in the basic core promoter or precore region affect the expression of the 

HBeAg protein and its precursors leading to various clinical outcomes (Malik, Kumar et al. 

2018). These mutations are (sub)genotype-specific and are discussed in more detail in 

Chapter 2 of this thesis.  

1.3 Pathogenesis 

When testing for HBV infection, several antigens and antibodies specific to HBV proteins are 

used, referred to as HBV biomarkers. These biomarkers are used to define different phases of 

HBV infection such as acute, chronic, or occult hepatitis B infection (OBI) (Kramvis, Chang 

et al. 2022) (Figure 4).  
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1.3.1 Acute infection   

An acute HBV infection can be resolved within 6 months of exposure. During an acute 

infection, HBsAg and hepatitis B core antibody (anti-HBc) immunoglobulin M (IgM) are 

present (Conners, Panagiotakopoulos et al. 2023). HBsAg is positive in both acute and chronic 

HBV infection; however, the presence of IgM anti-HBc is a diagnostic marker of acute or 

recently acquired infection (Kramvis, Chang et al. 2022). When the infection has been resolved, 

the HBsAg is cleared while the total anti-HBc and anti-HBs remain positive (Conners, 

Panagiotakopoulos et al. 2023), the individual is therefore considered immune following 

natural HBV infection (Weber 2005).   

 

1.3.2 Chronic infection 

CHB infection is the persistence of HBsAg in the serum for longer than 6 months, without IgM 

anti-HBc. Several factors such as age, immune status of the individual and persistence of 

HBeAg for more than 3 months, may increase the risk of a patient developing CHB (WHO 

2024). During CHB infection, HBeAg is used as a biomarker for viral infection and patient 

outcomes (Yuen, Sablon et al. 2002, Chauhan, Kazim et al. 2006). HBeAg seroconversion has 

an important impact on disease progression, with delayed seroconversion associated with 

poorer outcomes (Chu and Liaw 2007). For example, HBeAg loss associated with persistently 

elevated HBV DNA levels can lead to cirrhosis and hepatocellular carcinoma (HCC) 

(Alexopoulou and Karayiannis 2014). Therefore, HBeAg-negative CHB represents a clinical 

challenge (Ghosh, Mondal et al. 2012, Belyhun, Liebert et al. 2018). 

 

1.3.3 Different phases of HBV infection  

Briefly, the natural history of HBV can be divided into at least four phases, which are 

differentiated by the level of viral replication, the host immune response and HBeAg 

expression (Gish et al., 2015; Kramvis 2016) (Figure 4):  

 

1. The high replicative, low inflammatory phase: is characterised by HBsAg/HBeAg-

positive, with high HBV DNA levels (>2 × 105 IU/ml), with minimal liver 

inflammation, normal liver enzyme levels and asymptomatic. 
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2. The immune clearance or reactive phase: is characterised by fluctuating alanine 

amino transferase (ALT) and HBV DNA levels and ends with spontaneous HBeAg 

loss, by the emergence of precore and core mutations, HBeAg seroconversion is 

accompanied by elevated ALT and decreased HBV DNA levels.  

3. The HBeAg-negative chronic hepatitis phase: is characterised by necroinflammation 

with high or fluctuating ALT levels and unsuccessful immune clearance, moderate to 

high viral loads and progressive liver disease. 

4. The low replicative phase (post-HBeAg seroconversion): As a progression from the 

HBeAg-negative chronic hepatitis phase, this phase is also characterised by the absence 

of HBeAg, anti-HBe positivity, in this phase ALT levels are normal and HBV DNA 

levels are low or undetectable (<2 × 103 IU/ml). 

 

1.3.4 Occult hepatitis B infection (OBI) 

Occult hepatitis is defined as the presence of HBV DNA in hepatocytes with detectable (< 200 

IU/mℓ)/undetectable HBV DNA in the serum of individuals who test negative for the HBsAg 

using current diagnostic assays (Bell, Makondo et al. 2012, Raimondo, Locarnini et al. 2019). 

OBI can present itself at various stages of HBV infection and OBI can occur due to structural 

changes caused by escape mutations within the S gene, leading to the inability of the available 

serological tests to detect the infection (Bell, Makondo et al. 2012, Kramvis 2018).  
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Figure 4: HBV markers during different phases of HBV infection. 

Schematic presentation of HBV markers during the various phases of infection. The curves on 
the y-axis indicate the relative concentration of HBV markers in the natural infection. The 
curves and lines on the x-axis indicate the time each HBV marker or antibody first appears 
during infection and the length of the curves indicates the window periods for each marker 
(with or without detectable HBsAg) together with different activities in the liver in association 
with various phases of infection. Image used permission from (Kramvis, Chang et al. 2022) 
(Springer Nature© 5814131215327). 

 

1.4 HBV Epidemiology in Africa 

The WHO African region bears a disproportionate burden of chronic HBV infection, with 64 

million chronic carriers, 71 000 deaths each year, and an estimated 70% of total new worldwide 

HBV infections (WHO 2024) ( Figure 5). The high endemicity of HBV in Africa is a result of 

a sustained lack of investment in prevention, diagnosis, treatment, infrastructure, capacity, 

policy, advocacy, and education (Sonderup and Spearman 2022). 
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Figure 5: Burden of chronic HBV infection    

Schematic map showing the burden of chronic HBV infection across the globe as measured by 
HBsAg positivity used with permission from (WHO 2024)(CC BY-NC-SA 3.0 IGO). The 
values in brackets represent the lower and upper limits for that region.  
 

1.5 Mode of transmission  

The transmission of HBV is parenteral as it is a blood-borne virus (CDC, 2006; Seeger & 

Mason, 2015). Before the 1960s, 40% of blood transfusion recipients were infected with HBV, 

as screening in blood donors was not yet implemented (Blumberg, 1965; İnan & Tabak, 2015; 

MacCallum, 1946). Nowadays transmission can occur vertically or horizontally. Mother to 

Child transmission (MTCT) is the most common form of vertical transmission, and there are 

three possible routes for transmission of HBV from an infected mother to her infant: 

transplacental transmission of HBV in utero, perinatal transmission during delivery, postnatal 

transmission during care (Hou, Liu et al. 2005). Furthermore, the risk of maternal-infant 

transmission is related to the presence of HBeAg, as 90% of HBeAg-positive mothers transmit 

HBV infection to their offspring compared to only 10%–20% of HBeAg-negative mothers 

(Stevens, Beasley et al. 1975, Navabakhsh, Mehrabi et al. 2011). The high frequency of 

perinatal transmission in endemic areas is probably related to the high prevalence of HBeAg-
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positive women. Studies have shown that the rate of HBeAg seroconversion during the first 20 

years of life is relatively slow, leaving many women of childbearing age who have contracted 

HBV infection in their early childhood still highly infectious to their infants (Mast, Margolis 

et al. 2005). The virus can survive up to 7 days in bodily fluids at 25°C and therefore be 

transmitted horizontally through abused intravenous drug needles, and unsterile surgical 

equipment. Furthermore, the virus can be transmitted through sexual intercourse (Naledi, 

Spearman, Pillay, & Sonderup, 2019). 

In African countries, the majority of infections occur either perinatally or horizontally (Kew, 

2013; Naledi et al., 2019). Perinatal infection, from mother to infant is the most frequent form 

of HBV transmission in children and has a 90% chance of chronicity (Spearman & Sonderup, 

2014; WHO 2019). Children who become infected with HBV between 1 year and 5 years of 

age have a 30-50% chance of chronicity. In adulthood, the chance of chronicity is between 5-

10% (Spearman & Sonderup, 2014; Trépo, Chan, & Lok, 2014; WHO 2019). Therefore, the 

age of the patient plays a huge role in whether or not the virus becomes chronic. 

1.6 Vaccination  

South Africa was one of the first ten countries in Africa to introduce the universal hepatitis B 

vaccine in 1995 and has been successful in increasing the immunity of South Africans against 

hepatitis B (WHO, 2000). However, there are still several improvements to be made such as  

implementing protocols to screen all pregnant mothers for hepatitis B surface antigen (HBsAg), 

antenatal testing and ensuring full hepatitis B coverage, especially in rural areas (Mahoney, 

1999; Maponga et al., 2020). HBV vaccination can prevent 70%-95% of HBV infections in 

infants born to HBeAg and HBsAg-positive mothers (Lee, Gong et al. 2006, Navabakhsh, 

Mehrabi et al. 2011). In most post-exposure prophylaxis studies, the HBV vaccine has been 

administered to infants within 12-24 hours of birth. The efficacy of vaccines in preventing 

MTCT declines over time after birth (Harpaz, McMahon et al. 2000, Navabakhsh, Mehrabi et 

al. 2011). Therefore, to eliminate HBV by 2030, the WHO recommended that all newborn 

babies receive a hepatitis B birth dose (HepB-BD) vaccine, preferably in the first 24 hours of 

life (WHO 2019 , Njuguna, Hiebert et al. 2023, WHO 2024). Currently, South Africa has not 

fully implemented the birth-dose vaccine and it is only available to mothers who are HBsAg 

positive.  
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1.7 HBV-induced HCC 
 
HBV is one of the seven known oncogenic viruses. At least 16% of the world’s chronic carriers 

of HBV reside in sub-Saharan Africa (SSA) and this is probably an underestimate because of 

lack of surveillance. As measured by hepatitis B surface antigen (HBsAg) prevalence, most 

countries in Africa are of higher-intermediate (5%–7.99%), or high endemicity for HBV (> 

8%) (Kramvis and Kew 2007, Kew 2013). This high HBsAg prevalence in SSA corresponds 

to the high incidence of HCC, being the second leading cancer for men and the third for women, 

with average age-standardized and incidence rate of 18.9 and 8.0 per 100,000 persons/year, 

respectively (Kew 2013, Ryerson, Eheman et al. 2016). 
 

 HBV infection can promote liver cancer through direct or indirect mechanisms as shown in 

figure 6. HBV infection can: 

• generate genome instability by integrating its viral genome into the host genome or 

interfering with epigenetic and chromosomal remodelling, which can cause abnormal 

expression of oncogenes and tumour suppressor genes leading to activation of cancer-

related pathways (Thomas, Baker et al. 2007, Guerrieri, Belloni et al. 2013, Jiang, Han 

et al. 2021).  

• affect the liver microenvironment through interference with both the innate and 

adaptive immunity, and thus help the virus evade immune surveillance, increasing 

persistence and disease progression to tumour formation (Guerrieri, Belloni et al. 2013, 

Milich 2019).  

• affect the liver microenvironment and increase cell proliferation (Guerrieri, Belloni et 

al. 2013). 

• persist in liver tissue increasing chronic oxidative damage in hepatocytes and hypoxia 

(Bolukbas, Bolukbas et al. 2005). 

• persist in liver tissue leading to immune-mediated inflammation of the liver, and 

development of HCC (Levrero and Zucman-Rossi 2016). 

• interfere with apoptosis signalling to promote viral proliferation and HCC progression 

(Torresi, Tran et al. 2019, Jiang, Han et al. 2021).  
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Figure 6: Different mechanisms of HBV-induced HCC  

A diagram that shows the direct and indirect roles of HBV in hepatocellular carcinoma (HCC) 
pathogenesis, adapted with permission from (Guerrieri et al., 2013)   
 
 

In addition, various proteins of HBV have also been implicated for their hepatocarcinogenic 

potential. In particular, HBxAg and HBsAg may be potentially oncogenic (Arbuthnot and Kew 

2001, Sartorius, An et al. 2021). The investigation into the role of HBeAg and its precursors in 

carcinogenesis is ongoing. Therefore, Chapter 2 of this thesis explores the mechanisms by 

which HBeAg and its precursors can be associated with the different hallmarks of cancer. 

 

1.8 HBV genotypes and subgenotypes  

Because the HBV reverse transcriptase lacks proofreading ability, the virus accumulates 

genetic errors over time, leading to sequence heterogeneity (Summers, Smith et al. 1990, Wang 

and Seeger 1993, Norder, Couroucé et al. 2004, Kay and Zoulim 2007). This genetic diversity 

has resulted in at least nine genetically distinct HBV genotypes, designated A to I, and a 10th 

putative, genotype J (Norder, Couroucé et al. 2004, Kramvis, Kew et al. 2005, Tatematsu, 

Tanaka et al. 2009, Kramvis 2014), with > 7.5% intergroup nucleotide divergence (Okamoto, 

Tsuda et al. 1988, Norder, Couroucé et al. 1992, Kramvis, Kew et al. 2005, Yu, Yuan et al. 

2010). The nine genotypes are further classified into subgenotypes; A1-A7, B1-B9, C1-C16, 

D1-D9, F1-F4 and I1-I2, based on a nucleotide divergence of 4-8% (Shi, Zhang et al. 2013, 



16 
 

Yousif and Kramvis 2013, Kramvis 2014, Pourkarim, Amini-Bavil-Olyaee et al. 2014). As 

shown in Figure 7A the different genotypes encode different serological subtypes, which are 

antigenic determinants of HBsAg, with various amino acid differences in HBsAg (Kramvis, 

Kew et al. 2005). 

 

Furthermore, the different (sub)genotypes develop different mutations that can affect HBeAg 

expression at the transcriptional, translational and post-translational levels (Kramvis 2016). 

The ability to develop mutations, affecting HBeAg expression, can influence the length of the 

HBeAg-positive phase, which is important in determining both the mode of transmission and 

the clinical course of HBV infection. 

1.8.1 Genotypes prevailing in sub-Saharan Africa  

The various HBV genotypes have distinct geographical distributions. In SSA, the most 

prominent (sub)genotypes are A1, D3, E (Kramvis 2007, Kramvis 2018) (Figure 7B). In this 

study, we investigated (sub)genotypes A1, D3 and E, in comparison to subgenotype A2, which 

prevails outside Africa.  

 

Subgenotype A1  

Subgenotype A1, which prevails in southern-eastern SSA (Bowyer, van Staden et al. 1997, 

Kimbi, Kramvis et al. 2004, Kramvis and Kew 2007, Kramvis 2007) (Figure 7B), has genetic 

variations that affect the expression of HBeAg, at the transcriptional (1762T/1764A), 

translational (1809-1812 TCAT) and post-translational (G1862T) levels (Parekh, Zoulim et al. 

2003, Kimbi, Kramvis et al. 2004, Kramvis, Kew et al. 2005, Kramvis and Kew 2007, Kramvis 

2007, Kramvis 2018) (Figure 7C). The 1762T/1764A mutation, has been shown to reduce 

HBeAg expression in an additive manner and is associated with a higher risk of cancer 

(Baptista, Kramvis et al. 1999, Kramvis, Kew et al. 2005, Kramvis 2018). Unique to 

subgenotype A1, the second mutation 1809-1812 TCAT mutation in the Kozak region 

preceding the precore ORF, converts the region from an optimal to a suboptimal translation 

context. This causes decreased translation of HBeAg by a ribosomal leaky scanning mechanism 

(Ahn, Kramvis et al. 2003, Parekh, Zoulim et al. 2003). The third mutation, which is also 

unique to subgenotype A1, G1862T results in a valine to phenylalanine substitution. The 

phenylalanine interferes with the signal peptide cleavage and leads to an accumulation of 

precursor in the ER and decreased expression and secretion of HBeAg (Nielsen, Engelbrecht 
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et al. 1997, Bhoola and Kramvis 2016). These mutations can lead to viral persistence (Mitra, 

Wang et al. 2019) and possibly contribute to the higher hepatocarcinogenic potential, of a 4.5-

fold increased risk of HCC and earlier age of diagnosis in patients infected with subgenotype 

A1 compared to other HBV (sub)genotypes (Kramvis, Kew et al. 2005, Kramvis and Kew 

2007, Kramvis 2007).  

 

 Subgenotype A2  

The subgenotype of A found outside Africa is subgenotype A2, and thus, has a different natural 

history to A1, D3, and E (Kramvis 2016). In a case-control study, comparing individuals 

infected with subgenotypes A1 and A2, and genotype D, respectively, it was shown that, 

regardless of the age group, the frequency of HBeAg positivity was higher in individuals 

infected with subgenotype A2 compared to the other (sub)genotypes(Tanaka, Hasegawa et al. 

2004). In subgenotype A2, the only mutations that influence HBeAg expression are 

1762T/1764A, which affects transcription decreasing HBeAg levels (Buckwold, Xu et al. 

1996). Subgenotype A2 does not develop the G1862T seen in subgenotype A1 nor the classic 

G1896A seen in genotype D or E (Figure 7C).  

Subgenotype D3   

Subgenotype D3 is the predominant strain of genotype D in South Africa (Kimbi, Kramvis et 

al. 2004, Kew, Welschinger et al. 2008, Mayaphi, Martin et al. 2013, Gededzha, Muzeze et al. 

2016) (Figure 7B). Genotype D develops 1762T/1764A and the precore stop codon mutation 

G1896A (Schaefer 2007, Chandra, Biswas et al. 2009)(Figure 7C). Patients infected with 

genotype D seroconvert from HBeAg to anti-HBe in adolescence or early adulthood, leading 

to high chronicity (Naoumov, Schneider et al. 1992), which can lead to cirrhosis and HCC 

(McMahon 2005). 

Genotype E 

Genotype E is mainly prevalent in Western Africa (Figure 7B). Genotype E is classified by a 

unique serological subtype ayw4 and has a genome of 3212 nucleotides long with a 3-

nucleotide deletion in the pre-S1 region (Kramvis 2014). In addition, another unique feature of 

genotype E is the introduction of another start codon Met83 in the pre-S1 region that may result 

in the translation of an elongated middle hepatitis B surface protein  (Kramvis, Kew et al. 2005, 

Kramvis 2018). Patients infected with genotype E have significantly higher viral loads and 
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higher frequency of HBeAg-positivity compared to patients infected with genotype D (Yousif 

and Kramvis 2013, Yousif, Mukhdawi et al. 2014).  This higher HBeAg expression level 

confers tolerance with milder clinical manifestation and has been linked to higher chronicity 

(Milich and Liang 2003, Kostaki, Karamitros et al. 2018). Moreover, HBeAg can easily cross 

the placenta and has led to HBeAg/HBcAg tolerance in utero and thus a higher probability of 

chronicity (Edmunds, Medley et al. 1993, Milich and Liang 2003, Chen, Zeng et al. 2005, 

Kramvis 2016). 

 

 
Figure 7: The genotypes of HBV, their distribution in Africa and mutational patterns   

(A) An unrooted phylogenetic tree of full genome sequences of hepatitis B virus (HBV) 
representative of the nine major genotypes, established using neighbour‐joining. Letters A to I 
represent the nine genotypes and the associated serological subtypes are indicated. (B) Map of 
Africa with the genotype distribution shown in various African countries, focusing on the sSA 
region. (C) Schematic representation of the different BCP/PC mutations represented in red that 
affect the expression of HBeAg in hepatitis B virus (HBV) (sub) genotype D3, A1, E and A2. 
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This image has been adapted and generated used with permission from  (Kramvis 2018)(CC 
BY-NC 4.0) . 
 
The majority of clinical and functional studies on the effect of subgenotypes have been done 

on HBV isolates prevailing in South East Asia, with fewer studies performed on strains 

prevailing in SSA (Kim, Revill et al. 2011, Sozzi, Walsh et al. 2016, Kuhnhenn, Jiang et al. 

2018, Elizalde, Tadey et al. 2021, Sant’Anna and Araujo 2023). Out of the strains prevailing 

in SSA, subgenotype A1 has been the most thoroughly studied with genotype E included in 

studies less frequently (Kimbi, Kramvis et al. 2004, Kramvis, Kew et al. 2005, Kramvis 2007, 

Kim, Revill et al. 2011, Kramvis 2014, Kramvis 2016, Kramvis 2018, Olubayo, Kinge et al. 

2021, Toyé, Loureiro et al. 2023). Very few studies compared the strains circulating in Africa, 

despite Africa having the greatest burden of disease (Delphin, Mohammed et al. 2024). 

1.9 Study of HBV in vitro  

Characteristics of HBV such as its narrow virus-host range and the strong affinity to 

hepatocytes (De Meyer, Gong et al. 1997), have led to major challenges in the development of 

suitable in vitro and in vivo models that recapitulate the replication cycle of the virus (Wose 

Kinge, Bhoola et al. 2020).  Thus various in vitro systems have been developed in order to 

overcome these challenges. 

1.9.1 Background on in vitro studies  

Primary human hepatocytes (PHH) would be the ideal in vitro model to use to study HBV 

infection. However, PHH have limited availability and are not suitable for long term studies 

because they are only viable for a few days after culturing, even upon supplementation (Gripon, 

Diot et al. 1988, Gripon, Diot et al. 1989, Wose Kinge, Bhoola et al. 2020). Furthermore, there 

is also unpredictable variability between hepatocyte donors. Thus, the most economical in vitro 

models are well-differentiated human hepatic cell lines such as HepG2, Huh-6 and Huh-7. 

These cell lines have been derived from HCC, are easier to culture and have stable enzyme 

concentrations compared to PHH (Brandon, Raap et al. 2003, Wose Kinge, Bhoola et al. 2020). 

One of the major disadvantages of these cell lines is that they cannot be infected with HBV, 

because of the loss of the surface receptors during de-differentiation of the hepatocyte (Clayton, 

Rinaldi et al. 2005, Wose Kinge, Bhoola et al. 2020). However, they have been used in various 

studies using either transfection of recombinant HBV DNA or using viral vector delivery of 

the HBV genome (Gou et al., 2016; Wose Kinge et al.,2020)    
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1.9.2 Transfection of Huh7 cells with HBV  

The Huh7 cell line (Nakabayashi, Taketa et al. 1982) was used in the present study, as these 

cells can support HBV replication and transcription, have minimal variability and are relatively 

cheap (Wose Kinge, Bhoola et al. 2020). The major limitation of using this cell line is that 

genes expressed in tumour-derived cell lines differ from genes expressed in normal hepatocytes 

(Verrier, Colpitts et al. 2016, Sperk, van Domselaar et al. 2020, Arzumanian, Pyatnitskiy et al. 

2023). Despite this dysregulation, Huh7 cells have been used successfully in the molecular 

characterisation of HBV, replication and regulation, testing efficiency of novel drugs, drug 

resistance studies and proteomic studies (Bruix and Llovet 2003, Chen, Yang et al. 2006, Liu 

2020)  

1.10 Proteome  

The proteome is the entire set of proteins that is, or can be, expressed by a genome of a cell, 

tissue, or organism at a certain time, under defined conditions (Garrels 2001). In this study, the 

proteome of hepatocytes (Huh7 cells) was analysed following transfection with different HBV 

(sub)genotypes found in SSA. An annotated workflow on the Mass spectrometry and proteomic 

analysis can be found in Appendix A.  

1.10.1 Methods used to study the proteome  

Mass spectrometry (MS) is a commonly used, high-throughput tool used for proteomics and 

identifying disease biomarkers. The procedure of MS-based protein identification involves 

digesting proteins into peptides, which are then separated, fragmented, ionised, and captured 

by mass spectrometers. Proteins are finally identified from the peaks of the captured mass 

spectra using computational methods, where each peak theoretically represents a peptide 

fragment ion (McHugh and Arthur 2008). MS can provide qualitative and quantitative analysis 

of global proteome samples derived from complex mixtures and has had a big impact on the 

understanding of cellular functions and pathways (Guerrera and Kleiner 2005).  

The Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH-MS), a specific 

variant of data-independent acquisition (DIA) method, was used in the present study.  This 

method supports the quantitative analysis of up to 9000 peptides with high quantitative 

accuracy and consistency. Using this MS strategy, the fragment ion signals, their relative 

intensities and the peptide retention time, with additional chromatographic information are 
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used to identify a given protein on a map uniquely. Furthermore, complete identification and 

quantitative analysis of virtually all detectable compounds in the sample can be performed 

simultaneously with a single analysis (Röst, Rosenberger et al. 2014). SWATH-MS has been 

applied to various viruses and has been successfully used in HIV in vitro studies (Sperk, van 

Domselaar et al. 2020) and protein expression profiles between human livers and hepatic cell 

lines (Verrier, Colpitts et al. 2016, Arzumanian, Pyatnitskiy et al. 2023). 

1.10.2 Bioinformatics programmes used  

Bioinformatics is an essential component of proteomics and a powerful data analysis tool. 

During the post-MS analysis, several bioinformatics tools, and databases were available for the 

protein pathways. The KEGG, Ingenuity, Pathway Knowledge Base Reactome and BioCarta 

are some of the pathway databases that include comprehensive data regarding metabolism, 

signalling and interactions (Croft, O'Kelly et al. 2011, Kanehisa, Goto et al. 2012). In addition 

to these comprehensive databases, specific databases for signal transduction pathways such as 

PANTHER have been developed (Mi, Guo et al. 2007, Schaefer, Anthony et al. 2009).  

Therefore, it is recommended that a combination of bioinformatic tools be used during analysis. 

The following bioinformatic tools were used in this study, to investigate the role of the HBV 

(sub)genotypes on host signalling pathways.  

PANTHER 

PANTHER is a freely available, comprehensive software system for relating protein sequence 

evolution to the evolution of specific protein functions and biological roles (Mi, Guo et al. 

2007). PANTHER pathways provide a detailed, structured representation of protein function in 

the context of biological reaction networks. The pathway collection currently contains 

approximately 1500 reactions in 130 pathways, curated by expert biologists with authorship 

attribution (Mi, Guo et al. 2007).  

Reactome  

Reactome is a database that was developed in a collaboration among groups at the Ontario 

Institute for Cancer Research, Cold Spring Harbor Laboratory, New York University School 

of Medicine and The European Bioinformatics Institute, that developed an open-source curated 

bioinformatics database of human pathways and reactions (Croft, O'Kelly et al. 2011). This 

pathway and expression analysis tool enables ID mapping, pathway assignment and 

overrepresentation analysis of user-supplied data sets (Bruss, Lu et al. 1994).  
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GSEA  

Gene Set Enrichment Analysis (GSEA) is a computational method that determines whether a 

defined set of genes shows statistically significant, concordant differences between two 

biological states (Subramanian, Tamayo et al. 2005). The method derives its power by focusing 

on gene sets (groups of genes) that share common biological function, chromosomal location, 

or regulation. Compared to Panther and Reactome, GSEA analysis provides more global 

representation as it analyses the whole proteome and not just selected proteins.   

STRING  

Search Tool for the Retrieval of Interacting Genes/ Proteins (STRING) is a curated knowledge 

database used to illustrate predicted interactions of identified proteins and neighbour genes 

(Franceschini, Szklarczyk et al. 2013). STRING is not only a widely used database for protein 

interaction data, but it connects to various other resources for literature mining. Furthermore, 

protein networks can be drawn based on the list of genes provided and the available interactions 

using STRING database (Schmidt, Forne et al. 2014). 

1.10.3 Proteomic studies of HBV infection  

High-throughput proteomics technology can be an important tool in the understanding of liver 

diseases. Some proteomic studies have aimed to describe global changes in host cells following 

HBV infection or following the expression of individual viral proteins (Kim and Seong 2003, 

Hannivoort, Hernandez-Gea et al. 2012, Gao, Zhu et al. 2019). Previous studies have mainly 

focused on the proteome of the host cell in response to HBV infection in a range of applications 

including HBV-host interactions, how HBV hijacks the host signalling pathway for its gain, 

and novel drug studies (Wang, Bouwman et al. 2009, Gao, Zhu et al. 2019) 

Currently, little is known about the difference in specific biological pathways induced by the 

different HBV genotypic backgrounds. An Asian study was the first to report on molecular 

differences in the host proteome between HBV genotype B- and C- induced HCC (Wei, Zeng 

et al. 2016). The protein expression alterations in the different HBV genotype infected patients 

were involved in different biological processes, including translation, oxidation-reduction, 

intracellular transport, establishment of protein localisation, protein transport, and translational 

elongation, intimating that pathogenesis by genotypes B- and C- induced HCC is associated 

with different molecular mechanisms (Hannivoort, Hernandez-Gea et al. 2012, Wei, Zeng et 

al. 2016, Gao, Zhu et al. 2019).  
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1.11 Rationale  

HBeAg is a non-particulate protein of HBV that has a dual role as an immunogen and tolerogen, 

which allows the virus to establish HBV infection in vivo. HBeAg is expressed by both human 

and non-human hepadnaviruses, with all mammalian-infecting sequences showing high 

conservation within the amino terminus of the precursor and key immunomodulatory epitopes 

(Revill et al., 2020; Milich et al., 1987; Belnap et al., 2003; Billaud et al., 2005; Kramvis.2018). 

Thus, HBeAg-mediated immune regulation may predispose to chronicity and persistence 

following in utero or perinatal transmission and prevent severe liver injury during adult 

infections (Milich and Liang, 2003). Clinically, HBeAg is an index of viral replication, 

infectivity, inflammation, severity of disease and response to antiviral therapy (Milich 2019). 

Several studies have looked at the oncogenic potential of HBeAg therefore, in Chapter 2 of this 

thesis, the role of HBeAg and its precursors in hepatocarcinogenesis is explored.  

The length of the HBeAg-positive phase is important in determining both the mode of 

transmission and the clinical course of HBV infection. During the natural course of infection, 

there is seroconversion from an HBeAg-positive phase to an HBeAg-negative, anti-HBe-

positive phase. During this seroconversion, there is a loss of tolerance to infection and immune 

escape-HBeAg-negative mutants can be selected in response to the host immune response 

(Kramvis 2016, Kramvis 2018). Mother-to-child transmission and subsequent chronic 

infection in the infant are favoured when mothers are HBeAg-positive (Chen et al., 2012), 

whereas children born to HBeAg-negative mothers are more likely to develop acute hepatitis 

B or may be infected horizontally later in life, if not immunized (Hadziyannis and 

Vassilopoulos, 2001; Kramvis, 2016).  

The HBV reverse transcriptase lacks proofreading ability, and the virus accumulates genetic 

errors over time, leading to sequence heterogeneity (Summers, Smith et al. 1990, Wang and 

Seeger 1993, Norder, Couroucé et al. 2004, Kay and Zoulim 2007). The sequence variation in 

the region encoding HBeAg can influence the immunomodulatory role of HBeAg, the ability 

of HBV to persist and be transmitted, as well as its virulence (Kramvis 2016, Kramvis 2018). 

Furthermore, the immunomodulation and immune escape of HBeAg can be influenced by the 

different (sub)genotypes. Understanding the role of genotypic variation in pathogenesis is 

important and may provide further insight on patient outcomes, chronicity, infectivity, and 

response to therapeutic approaches, and improve early detection and screening of HCC (Gao 

et al., 2019). Therefore, Chapter 3 of this thesis provides the first report of the molecular 
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differences at the proteome level between the SSA (sub)genotypes following functional studies 

in vitro. To achieve this, the proteome of Huh7 cells transfected with replication-competent 

clones of (sub)genotypes A1, D3 and E relative to subgenotype A2 was analysed by mass 

spectrometry. Mass spectrometry was used to detect global changes in the proteome of 

transfected cells to bridge the knowledge gap between virus-host interactions of the different 

(sub)genotypes and their disease phenotypes  

The propensity to develop precore and core promoter mutations that affect HBeAg expression 

is influenced by (sub)genotype. In SSA, the predominant subgenotype is A1 which has a 4.5-

fold higher risk of developing HCC at an earlier age than other HBV genotypes (Kramvis, Kew 

et al. 2005, Kramvis 2007). Subgenotype A1 has unique BCP/PC mutations that affect the 

expression of HBeAg at a transcriptional, translational, and post-translational level (Kramvis, 

Kew et al. 2005, Kramvis 2018). In particular, the G1862T mutation can be found in HBV 

isolated from both tumour and non-tumorous liver tissues (Kramvis, Kew et al. 1998). Previous 

studies in vitro, have shown mutant HBeAg, as a result of G1862T, accumulated specifically 

in the endoplasmic reticulum (ER), endoplasmic reticulum-Golgi intermediate compartment 

(ERGIC) and Golgi (Chen, Crowther et al. 2008). These mutant protein aggregates attracted 

ubiquitin, heat shock proteins and proteasomes and caused ER stress and the earlier activation 

of the unfolded protein response (UPR) cascade (Bhoola and Kramvis 2017). ER is a quality-

control organelle for proteostasis. ER stress and the UPR can cause disturbances in proteostasis, 

affecting host signalling pathways involved in epigenetics, mitochondrial regulation, 

autophagy, and metabolism (Chen, Shi et al. 2023). Furthermore, an increase in ER stress can 

result in liver damage, which is a contributing factor to hepatocarcinogenesis and may explain 

why G1862T is frequently found in HCC patients compared to asymptomatic patients 

(Kramvis, Kew et al. 2005, Kramvis 2018). Therefore, Chapter 4 of this thesis provides the 

first report of the molecular differences at the proteome level between cells transfected with 

wildtype subgenotype A1 and subgenotype A1 with G1862T mutation. Understanding the role 

of G1862T mutation in pathogenesis is important and will provide further insight into patient 

outcomes, chronicity, and improving early detection and screening of HCC in SSA. 
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1.13 Aims and objectives  

 Aim: Comparison of the proteome of Huh7 cells transfected with different (sub)genotypes of 

HBV prevailing in sub-Saharan Africa, to study the effect on host signalling pathways  

 

Objective 1: To transfect Huh7 cells with replication competent clones of (sub)genotypes A1, 

A2, D3 and E, to study the proteome using mass spectrometry  

Objective 2: To transfect Huh7 cells with replication-competent clones of wild-type and 

mutant G1862T mutant subgenotype A1 to study the proteome using mass spectrometry 

Objective 3: To determine pathways differentially affected by the (sub)genotypes and the 

G1862T mutant of subgenotype A1, using bioinformatics.  
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Chapter 2 

Paper 1-Literature review: The Complex Role of HBeAg and Its Precursors 
in the Pathway to Hepatocellular Carcinoma 

Journal: Viruses (MDPI), Impact Factor of 4.7 

References: The literature cited in the paper below, appears within the reference section of 

the paper and is not necessarily in the thesis reference section.  

Status: Published (Viruses 2023, 15(4), 857; https://doi.org/10.3390/v15040857 )

Chapter 2 explores the role of HBeAg and its precursors in hepatocarcinogenesis. HBV is one 

of the seven oncogenic viruses, and its viral proteins have evolved to take over many host 

signalling pathways to generate a cellular environment conducive to virus replication (Krump 

and You 2018). Viral proteins function to stimulate proliferation, delay differentiation, inhibit 

apoptosis and evade immune detection, which are hallmarks of cancer (Scarth, Patterson et al. 

2021). Oncogenic viruses interact and dysregulate the host immune systems throughout 

persistent infections. Epidemiological evidence suggests that viral mechanisms to evade 

detection and elimination are adapted to deal with the constant pressure from the host (Thorley-

Lawson 2015, Liu, MacDonald et al. 2016). Given that HBeAg has a dual role as an 

immunogen and tolerogen (Milich 2019), its role in hepatocarcinogenesis has been the focus 

of numerous studies. The biogenesis of HBeAg, its interaction with immune cells, and the 

different signalling pathways and mechanisms of HBeAg and its precursors to promote 

hepatocarcinogenesis through the various hallmarks of cancer are discussed.

Author contributions: Ms Padarath conceptualised the review article, performed the literature review, 
wrote up the first draft, including figures and tables, and rewrote drafts 6–8 after reading fellow 
authors' comments. 

https://doi.org/10.3390/v15040857
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Chapter 3

Paper 2- Article: Comparative proteomic analysis of Huh7 cells transfected 
with sub-Saharan African Hepatitis B Virus (sub)genotypes reveals 
potential oncogenic factors 

Journal: Viruses (MDPI), Impact Factor of 4.7 

References:  The literature cited in the paper below, appears within the reference section of the 

paper and is not necessarily in the thesis reference section.  

Status: Published (Viruses 2024, 16(7), 1052; https://doi.org/10.3390/v16071052 )

The genetic variation in HBV (sub)genotypes plays a significant role in the natural history of 

infection, the clinical outcome, and the response to antiviral treatment (Kramvis, Kew et al. 

2005, Kramvis 2007). In addition, differences in the mode of expression of viral proteins such 

as HBeAg (marker for infectivity) in different (sub)genotypes distinguish between acute and 

chronic infections (Coleman 2006) and may account for the differences in disease progression 

(Kramvis 2016). As demonstrated in the previous chapter, HBeAg plays a significant role in 

host signalling pathways through the various hallmarks of cancer and can influence the 

hepatocarcinogenic potential of the (sub)genotype. Currently, little is known about the 

difference in specific biological pathways induced by the different HBV genotypic 

backgrounds, found in sub-Saharan Africa (SSA). Therefore, Chapter 3 of this thesis, provides 

the first report of the molecular differences at the proteome level between Huh7 cells 

transfected with the SSA (sub)genotypes A1, D3 and E and subgenotype A2 which prevails 

outside of Africa.  

Author contribution: Ms Padarath performed all the investigations, methodology and analysis, 
validated the results, and mined the data using various bioinformatical software. She prepared the 
original draft including figures and tables, and rewrote 5 drafts after reading fellow authors' 
comments. 

https://doi.org/10.3390/v16071052
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Chapter 4 

Paper 3- Article:  Proteomic analyses of Huh7 cells transfected with 
replication-competent clones of subgenotype A1, with and without the 
G1862T mutation 

Journal: Current Issues in Molecular Biology (CIMB) (MDPI), Impact Factor of 2.8 

References:  The literature cited in the paper below, appears within the reference section of the 

paper and is not necessarily in the thesis reference section.  

Status: Published (Curr. Issues Mol. Biol. 2024, 46(7), 7032-7047; 

https://doi.org/10.3390/cimb46070419 )

The propensity to develop precore and core promoter mutations that affect HBeAg expression 

is influenced by (sub)genotype. Subgenotype A1 has unique BCP/PC mutations that affect the 

expression of HBeAg at a transcriptional, translational, and post-translational level (Kramvis, 

Kew et al. 2005, Kramvis 2018). In the previous chapter subgenotype A1 was shown to favour 

dysregulation of PI3K/Akt/mTOR pathways as a possible mechanism for its increased 

hepatocarcinogenic potential (Kramvis, Kew et al. 2005, Kramvis 2007). The G1862T 

mutation, found in subgenotype A1, causes ER stress and can increase the hepatocarcinogenic 

potential of this subgenotype (Chen, Crowther et al. 2008). ER stress can cause disturbances in 

proteostasis, affecting host signalling pathways involved in epigenetics, mitochondrial 

regulation, autophagy, and metabolism (Bhoola and Kramvis 2017, Chen, Shi et al. 2023) . 

Therefore, Chapter 4 of this thesis provides the first report of the molecular differences at the 

proteome level between cells transfected with wildtype subgenotype A1 and subgenotype A1 

with G1862T mutation. 

Author contribution: Ms Padarath performed all the investigations, methodology and analysis, 
validated the results, and mined the data using various bioinformatical software. She prepared the 
original draft including figures and tables, and rewrote 5 drafts after reading fellow authors' 
comments. 

https://doi.org/10.3390/cimb46070419
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 Chapter 5: Discussion and Conclusion  
 

Viral infection is a major contributor to the global cancer burden. Seven known oncogenic 

viruses promote tumourigenesis through shared host cell targets and pathways (Krump and 

You 2018). Although the 7 oncogenic viruses differ in their genomes, being DNA or RNA, 

single or double-stranded, linear or circular, they share several features that can lead to human 

cancers. As reviewed in Chapter 2 there are at least 10 hallmarks of cancer (Krump and You 

2018, Padarath, Deroubaix et al. 2023). Additionally, four emerging hallmarks have been 

described including: unlocking phenotypic plasticity, non-mutational epigenetic 

reprogramming, senescence cells and polymorphic microbiomes (Hanahan 2022) 

HBV has a significant oncogenic potential, which is associated with its ability to establish 

chronic infection,  persist by evading the immune response and ultimately leading to the clinical 

manifestation of cirrhosis and/or HCC (Jiang, Han et al. 2021). The course and outcomes of 

the infection depend on several virus-host interactions and can be (sub)genotype-dependent. In 

chapter 3, using mass spectrometry the proteome of Huh7 cells transfected with the different 

(sub)genotypes of HBV circulating in SSA, A1, D3 and E, and subgenotype A2, which prevails 

outside of Africa was analysed. Subgenotype A1, which has a higher hepatocarcinogenic 

potential, at an earlier age in sub-Saharan Africans (Kew, Kramvis et al. 2005), develops 

unique basic core promoter (BCP) and precore (PC) mutations, which affect HBeAg expression 

at a transcriptional, translational and post-translational level (Kramvis, Kew et al. 1998, Ahn, 

Kramvis et al. 2003, Kramvis 2007, Kramvis 2018). One such mutation is the G1862T precore 

mutation, found frequently in HBV isolated from HCC patients. This mutation affects HBeAg 

expression by interfering with the post-translational modification of the HBeAg precursor 

(Chen, Crowther et al. 2008, Bhoola and Kramvis 2017). The literature review in chapter 2 

demonstrated that the HBeAg and its precursors can play roles in at least four hallmarks of 

cancer: avoiding immune destruction; tumour-promoting inflammation; resisting cell death; 

and sustained proliferative signalling (Figure 1; Chapter 2). Therefore, in Chapter 4, the 

proteome of Huh7 cells transfected with wild-type and mutant G1862T subgenotype A1, was 

also analysed by mass spectrometry to determine the effect of this mutation on cellular 

signalling pathways. Considering that subgenotype A1 regulates the expression of HBeAg 

using different mechanisms to other (sub)genotypes and also has a higher hepatocarcinogenic 

potential this study used proteome analyses to identify biological processes, which may be 
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impacted on by these unique features of subgenotype A1. From the present study, it became 

evident that the subgenotypes of HBV studied and the G1862T mutation may have a role in 

three of the 10 hallmarks of cancer (Padarath, Deroubaix et al. 2023) including immune evasion 

and persistence, sustaining proliferative signalling, and genome instability and mutation.      

5.1 Immune evasion and persistence  

Using a DIA SWATH–MS-based quantitative proteomic approach, a comparative analysis of 

the whole proteome of Huh7 cells transfected with the different SSA HBV (sub)genotypes 

relative to subgenotype A2 was performed. Although subgenotypes A1 and A2 belong to the 

same genotype, they demonstrate a higher divergence in the BCP/PC region between each other 

than between subgenotype A1 and (sub)genotypes D3 and E, respectively (Kramvis 2018). 

This could be the reason why the greatest difference in the proteome was between two 

subgenotypes of A, A1 and A2, and not between two different genotypes. Even though 

subgenotype A2 had the highest number of DEPs compared to subgenotype A1, the latter had 

a higher percentage of upregulated DEPs. Subgenotypes A1 and A2 have different clinical 

manifestations (Kramvis, Arakawa et al. 2008, Kramvis 2014, Kramvis 2016, Kramvis 2018). 

Subgenotype A1 develops different mutations in the BCP and pre-core region, whereas 

subgenotype A2 only develops mutations in the BCP, decreasing precore mRNA levels, which 

affect the expression level of HBeAg (Kramvis, Arakawa et al. 2008, Kramvis 2014, Kramvis 

2016, Kramvis 2018), resulting in significantly higher HBeAg negativity in subgenotype A1-

infected patients than subgenotype A2-infected patients (Kew, Kramvis et al. 2005, Kramvis 

and Kew 2007, Kramvis 2007). (Sub)genotypes D3 and E cannot be differentiated in the 

precore region, and showed similar DEPs. The difference in BCP/PC region can result in 

varying expression of HBeAg amongst the (sub)genotypes, resulting in different effects on host 

signalling pathways.  

HBeAg has the dual role as a tolerogen and immunogen and its ability to suppress or activate 

the immune response reveals the complexity of the interactions between HBeAg and the host 

(Milich 2019). Host immunity plays a role in determining whether cancer develops after 

infection with an oncogenic virus, as demonstrated by the increased incidence of virus-induced 

cancers in immunocompromised individuals (Morales-Sánchez and Fuentes-Pananá 2014, 

Cesarman, Damania et al. 2019). Viruses, in turn, have developed a profusion of strategies to 

escape from the immune system. One of these mechanisms is viral proteins that can dysregulate 
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the host's immune response. From the review in chapter 2, it is evident that HBeAg and its 

precursors can lead to the downregulation of pro-inflammatory transcription factors (Xie 2017, 

Tsai and Ou 2021), and activate transcription factors that mediate the expression of key 

cytokines and chemokines to direct the immune system away from HBV-infected hepatocytes 

and ensure immune evasion (Mitra, Wang et al. 2019).  

Various host signalling pathways regulating the immune system were affected by the different 

(sub)genotypes (Figure 2, Chapter 3). Genotype E, which is associated with the highest 

frequency of HBeAg positivity, was the only SSA genotype to favour dysregulation of toll like 

receptor signalling pathways (TLR). HBeAg downregulates the expression of the TLR family 

within Kupffer cells and blood monocytes, to promote immune evasion and persistence 

(Riordan, Skinner et al. 2006, Visvanathan, Skinner et al. 2007).  The TLR family is part of the 

pattern recognition receptor (PRR) family and is responsible for recognising diverse molecules 

derived from pathogens and damaged host cells, also called pathogen-associated molecular 

patterns (PAMPs) (Kawasaki and Kawai 2014). Considering that genotype E does not differ 

from genotype D in the precore region, this effect may be attributed to differences in other 

regions of the genome. Genotype has a unique serological subtype (ayw4) compared to the 

(sub)genotypes and this would be interesting to investigate this further in the future.  

This study identified the p38 mitogen-activated protein kinase (MAPK) signalling pathway as 

one of the top signalling pathways dysregulated between cells transfected with subgenotype 

A1 compared to the vector control. MAPK signalling has been shown to play an important role 

in immune escape, HBV replication, persistence, and the promotion of tumour cell survival  

(Jiang, Han et al. 2021). MAPK pathways regulate gene transcription that controls cell 

proliferation and the antiviral immune response (Kim and Choi 2015). They are involved in 

the life cycle and propagation of several oncogenic viruses, such as HCV, HPV and MCPyV, 

by promoting viral assembly, production and release (Krump and You 2018).  

Furthermore, proteomic analysis revealed that when compared to the vector control, G1862T 

transfected cells had more significantly differentially expressed proteins in the p38 MAPK 

pathway than WT-transfected cells.  Previous studies have shown HBeAg suppresses p38 

MAPK phosphorylation (Visvanathan, Skinner et al. 2007).  This downregulation of MAPK 

would allow HBV to evade immune surveillance and thus persist. Therefore, viral mutations 

such as G1862T, which reduce HBeAg expression, can lead to the removal of the tolerogenic 
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effect of HBeAg, and the activation of the immune response (Alexopoulou and Karayiannis 

2014, Kramvis 2018, Milich 2019). 

5.2 Sustaining proliferative signalling (PI3K/AKT/mTOR pathway) 

The top dysregulated pathway in subgenotype A1 was PI3K/Akt/mTOR pathway (Table 2, 

Chapter 3). The PI3K/AKT/mTOR pathway has an important role in the regulation of cellular 

growth, cell cycle progression, proliferation, and survival. The PI3K/Akt/mTOR pathway is 

overexpressed in nearly 50% of HCCs and the dysregulated activation of this pathway affects 

a wide range of processes, including cell proliferation, metabolism, tumour cell differentiation, 

lipid metabolism, autophagy, and epithelial to mesenchymal transition (EMT) (Matter, 

Decaens et al. 2014, Porta, Paglino et al. 2014). Furthermore, previous studies have shown that 

the interaction of the mTOR signalling pathway and HBV life cycle is complex. The mTOR 

signalling pathway can regulate HBV replication and gene expression (Guo, Zhou et al. 2007, 

Lin, Deng et al. 2017, Wang, Lin et al. 2020), whereas, HBV infection can also activate 

PI3K/Akt/mTOR pathway. This occurs following the synthesis of a large quantity of viral 

proteins, which leads to the accumulation of HBsAg/HBeAg in the endoplasmic reticulum (ER) 

lumen that triggers ER stress (Bhoola and Kramvis 2016, Choi, Lee et al. 2019). A previous 

study, using the same plasmid construct used in the present study, showed that subgenotype 

A1 exhibits a greater amount of  ER stress compared to subgenotypes A2 and D3 (Bhoola and 

Kramvis 2016), which could lead to the activation of the  PI3K/Akt/mTOR pathway. Other 

oncogenic viruses, including HPV, EBV, HTLV-1, KSHV and MCPyV, have evolved 

mechanisms to engage this pathway to increase virus survival and carcinogenesis (Krump and 

You 2018). 

Additionally, Ras homolog gene family, member C (RHOC), which is an upstream regulator 

of the MAPK and PI3K/Akt/mTOR, was identified as a protein of interest. As cells transfected 

with subgenotype A1 compared to the different HBV (sub)genotypes or vector control showed 

enrichment in multiple pathways where RHO GTPases activity was upregulated (Figure 

5C&D; Chapter 3). RHO GTPases regulate cell growth, motility, survival, and metabolism, 

and are upregulated in HCC (Qu, Qu et al. 2009, Saini, Loi et al. 2013, Setia, Nehru et al. 2014, 

Stefani, Miricescu et al. 2021). Furthermore, RHOC expression was confirmed using an 

RHOC-specific ELISA (Figure 8A, Chapter 3) and the cellular localization of RHOC in Huh7 

cells transfected with subgenotype A1 was compared to the other (sub)genotypes or 
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untransfected cells using immunofluorescence (Figure 9, Chapter 3). The increased focal 

adhesion staining of RHO proteins in subgenotype A1 transfected cells compared to cells 

transfected with other (sub)genotypes, may be related to higher hepatocarcinogenic potential 

of this subgenotype. More in-depth studies on the role of RHO proteins in HCC are necessary.    

5.3 Genome instability and mutation.  

Proteomic analysis revealed that proteins involved in the cell cycle and oxidative stress 

pathways were exclusively found in cells transfected with the G1862T mutation compared to 

wildtype (Figure 3B, Chapter 4).  Oxidative stress is increased in HBV infections  (Bolukbas, 

Bolukbas et al. 2005), and can be further exacerbated by the ER stress caused by G1862T 

mutation through the production of reactive oxygen species from the UPR  (Görlach, Klappa 

et al. 2006, Bhoola and Kramvis 2017). Furthermore, increased oxidative stress in HBV 

infection was also demonstrated to increase DNA damage (Abdollahi, Ranjbar et al. 2004, 

Duygu, Karsen et al. 2012). Therefore, there seems to be an interplay between these two 

exclusive pathways, which could contribute to the hepatocarcinogenic potential of HBV with 

the G1862T mutation. In addition, it has been shown that p22 and p25, which accumulate in 

the cytoplasm of G1862T transfected cells, can translocate to the nucleus (Deroubaix and 

Kramvis 2021). In the nucleus, these HBeAg precursors can interact with the host genome 

leading to genomic instability and mutations.  

The host DNA damage response (DDR) system is a complex network of signalling pathways 

that collectively monitor and repair DNA damage that results from DNA replication, cellular 

metabolism and exogenous insults, such as radiation and viral infection (Ciccia and Elledge 

2010). Viruses often elicit host DDRs; however, they have evolved mechanisms to undermine 

these responses and manipulate them to their advantage (Lilley, Schwartz et al. 2007, 

Weitzman, Lilley et al. 2010).  

Replication stress, nucleotide deficiency and the production of reactive oxygen species (ROS) 

during viral infection can also contribute to genomic instability and oncogenesis by other 

viruses (Srinivas, Tan et al. 2019). For example, during persistent HCV and EBV infection, 

chronically activated inflammatory cells release ROS, which can cause oxidative DNA damage 

and promote a pro-carcinogenic microenvironment that drives tumour development (Gruhne, 

Sompallae et al. 2009, Takeda, Takai et al. 2017). 
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Defects in efficiently and appropriately repairing DNA damage result in genomic instability 

and potential tumourigenesis (Huang and Zhou 2020). Therefore, the DNA synthesis and repair 

pathways were further explored. Two proteins involved in DNA synthesis: DNA primase 

subunit 2 (PRIM2) and Replication Protein A (RPA) were upregulated in G1862T compared to 

the WT (Figure 3B, Chapter 4). This was validated at the RNA level for both proteins (Figure 

4, Chapter 4) and for RPA using immunofluorescence (Figure 5, Chapter 4). PRIM2 is a subunit 

of the DNA primase complex and a component of the DNA polymerase alpha complex, which 

plays an essential role in the initiation of DNA synthesis, during the S-phase of the cell cycle 

(Schneider, Smith et al. 1998, Weiner, Huang et al. 2007, Baranovskiy, Zhang et al. 2015). 

Whilst RPA binds and stabilizes single-stranded DNA intermediates that form during DNA 

replication or upon DNA stress, thereby playing an essential role both in DNA replication and 

the cellular response to DNA damage (Lin, Shivji et al. 1998). Both these proteins have 

displayed oncogenic potential in various cancers (Algethami, Toss et al. 2023, SUN, SHAO et 

al. 2024). 

5.4 Limitations of this study 

As discussed in Chapters 3 and 4, there were several limitations in this study.  Even though  the 

Huh7 in vitro system is not perfect, transfection of Huh7 cells with HBV plasmid constructs 

provides us with a widely-used model system that allows us to follow HBV infection and 

dissect complex biological processes (Wose Kinge, Bhoola et al. 2020). Moreover, as discussed 

above, using this system it was demonstrated differences between the (sub)genotypes and the 

effect of G1862T mutation on the proteome of Huh7 cells intimating that these differences may 

influence immune evasion and persistence of HBV, sustained proliferative signalling and 

genome instability of cells, three hallmarks of cancer.  

Differences between constructs, the method of transfection and the cell line used, can make 

inter-experimental comparisons challenging (Gripon, Diot et al. 1988, Galle, Hagelstein et al. 

1994, Wose Kinge, Bhoola et al. 2020). Therefore, a panel of replication-competent plasmids 

of (sub)genotypes A1, A2, D3 and E, with endogenous promoters, were constructed (Bhoola, 

Reumann et al. 2014, Bhoola and Kramvis 2016). These clones, although useful in in vitro 

studies cannot fully represent the diversity of the HBV (sub)genotype seen in patients because 

they were chosen for being the least divergent from the census sequence of the corresponding 

(sub)genotypes. In both Chapter 3 and Chapter 4, the effects of the SSA subgenotypes and the 
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G1862T mutation were compared to a vector control rather than to untransfected cells.  The 

vector control was chosen as the comparator to correct for any effects of the transfection on the 

proteome, even though this effect was minimal relative to untransfected cells. 

Even though this system does not recapitulate the pathogenic mechanisms, immune response 

and clinical manifestations seen in vivo and in patients, it does allow the elucidation of the 

complex interplay between HBV and its host, and in particular in liver cells. However, to 

further explore the mechanisms of the pathogenesis of subgenotype A1-associated HCC and 

the effect of the G1862T mutation, further in vivo studies using patient tissues and/or sera will 

be required.   

5.5 Conclusion  

This thesis represents the first comprehensive proteomic analysis of the differences among SSA 

genotypes, providing novel insights into the molecular underpinnings of their oncogenic 

potential. Using an in vitro system, the different (sub)genotypes and the G1862T mutant of 

HBV are shown to impact various signalling pathways involved in three hallmarks of cancer 

including: immune evasion and persistence, sustained proliferative signalling and genome 

instability and mutation. The differences of the (sub)genotypes on the proteome, which have 

been demonstrated in the present study may have an impact on the natural history of infection 

and clinical consequences of the various strains of HBV. In particular, subgenotype A1, which 

has the highest hepatocarcinogenic potential, was shown to favour the dysregulation of MAPK 

(immune evasion and persistence) and PI3K/Akt/mTOR (sustained proliferative signalling) 

pathways and when accompanied by the G1862T mutation showed dysregulation of DNA 

synthesis pathway leading to uncontrolled proliferation (genome instability and mutation). 

These findings not only illuminate the complex molecular mechanisms by which subgenotype 

A1, may contribute to HCC, but also emphasise the pivotal role of HBeAg in the process of 

hepatocarcinogenesis. This research opens potential avenues for biomarker development and 

targeted therapeutic interventions, especially in SSA, which has a diversity of HBV strains and 

a high incidence of HCC. 
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5.6 Future perspectives 

As demonstrated by this study, which is novel in the sub-Saharan African context,  proteomics 

can provide us with an important tool, which allows us to study virus-host interactions and the 

endpoint of gene expression, the proteome (Mann, Kumar et al. 2021). MS proteomics is 

characterised by its specificity and sensitivity, which allows for the unbiased detection and 

quantification of cellular proteins. With the unprecedented evolution of the “omics” (genomics, 

transcriptomics, and proteomics) (Gharib 2012) and the advent of artificial intelligence, major 

breakthroughs can be anticipated in the field.  Accompanied by the advancement of various in 

vitro systems, including the development of three‐dimensional (3D) tissue culture (organoids) 

and induced pluripotent stem cell (iPSC) technology (Yang, Hu et al. 2023), we can anticipate 

clarifications of the complex pathways leading to hepatocarcinogenesis following infection 

with HBV. This will allow for the discovery of anti-viral and anti-tumour modalities that can 

overcome this viral infection with its serious clinical consequences.   
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