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Abstract
Molecular virology methods including polymerase chain reaction, cloning and sequencing have revolutionised our understanding of viral genome variation. In the case of hepatitis B virus (HBV), sequencing studies have identified a number of virus variants normally found during the natural course of chronic infection. The appearance of the precore stop codon (with G-for-A substitution at position 1896) and basal core promoter (BCP) (with A-for-T and G-for-A, at positions 1762 and 1764, respectively) variants which reduce or abrogate HBeAg production, heralds the initiation of the seroconversion phase from HBeAg to anti-HBe positivity. The gradual removal of the tolerogenic effect of HBeAg leads to the awakening of the immune response (immune clearance phase). Most patients after HBeAg seroconversion become “inactive HBsAg carriers”. However during the course of infection precore and/or BCP variants may emerge and be selected leading to HBeAg negative chronic hepatitis B (CHB) with high viremia levels (reactivation phase). The prevalence of HBeAg negative CHB has been increasing over the last few decades and has become the commonest type of HBV infection in many countries of the world. This probably reflects the aging of existing HBV carriers and the effective prevention measures restricting new HBV infections. Frequent acute exacerbations accompanied by high viral replication, elevated ALT levels and histological activity are a common feature of HBeAg negative CHB leading to cirrhosis much faster than in HBeAg positive CHB patients. 
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Core tip: Chronic hepatitis B virus infection can in turn go through the immune tolerant, the immune clearance, the inactive or low replicative and the reactivation phases. HBeAg positivity characterises the first two phases. Seroconversion from HBeAg to the corresponding antibody is the result of the appearance of the precore and basal core promoter variants, which either abrogate or lead to reduced HBeAg levels. The absence of HBeAg eliminates its tolerogenic effect on the immune system which thus becomes activated, leading to seroconversion. The reasons why some patients then enter into the reactivation phase during which the variants are the dominant virus present remain unexplained.
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INTRODUCTION
It is estimated that worldwide well over 350 million individuals are chronically infected with HBV[1] and these patients are at increased risk of developing cirrhosis, hepatic decompensation and hepatocellular carcinoma (HCC). Conservative estimates suggest that about 1 million people die per year as a result of HBV-related liver pathologies[2]. HBV infection accounts for 30% of cirrhotic patients and 53% of those with HCC[3]. 
Following acute HBV infection, the risk of progression to chronicity is age dependent with 5% of adults, and almost 95% of children born to chronically infected mothers, becoming chronic carriers[4-6]. The natural history of chronic hepatitis B (CHB) may progress through four well recognised phases known as the immune tolerant, the immune clearance, the inactive or non-replicative and the re-activation or immune escape phases (Figure 1). These phases do not occur in all individuals and this may depend on the age and route of exposure, and may not be sequential[7].
Patients who are exposed to the virus at a young age first go through the immune tolerant phase, which may last for 20-30 years, and is characterised by HBeAg positivity, high HBV-DNA levels (> 20000 IU/mL), normal or near normal ALT levels, normal/minimal histological activity and high HBsAg levels ranging from 4.5-5 log IU/mL[8-11]. The immune clearance phase is also characterised by HBeAg positivity, but elevated serum ALT levels are associated with histological damage, fluctuating HBV-DNA levels and lower levels of HBsAg (4.3 log IU/mL)[12,13]. These changes are the result of the immune awakening of the host culminating in seroconversion from HBeAg to anti-HBe, selection of the precore and core promoter (BCP) variants mentioned later and entry into the immune control or non-replicative phase. During this phase extremely low or undetectable HBV-DNA, normal ALT levels and normal or near normal liver histology with numerous ground glass hepatocytes are the norm. However for reasons that remain unknown, a subset of patients reactivate viral replication and form the reactivation or immune escape phase characterised by HBV-DNA levels > 2000 IU/mL, fluctuating ALT levels once again and HBsAg levels of around 3.5 log IU/mL. These patients are referred to also as the HBeAg-negative CHB group and nowadays constitute the vast majority of patients seen in outpatient clinics in most countries of the world. 

VIROLOGY
Virus and its genome
The mature virion is spherical measuring 45nm in diameter and consists of an envelope comprised of HBsAg and an internal nucleocapsid formed by the core protein (HBcAg). The latter encloses the relaxed circular, partially double stranded DNA genome of 3.2 kb in length. The genome is organised in 4 partially or totally overlapping open reading frames (ORFs, S, C, X and P)[14], which encode for the HBsAg (S), the core protein or HBcAg (C), the X protein (X) which is essential for viral replication and has transactivating potential also, and finally the polymerase (P) which functions as a reverse transcriptase, DNA polymerase and possesses RNase H activity also. HBeAg is a soluble protein derived from its precore/core precursor following proteolytic processing. It is therefore a non-structural protein, is not essential for viral replication, is used as a marker of infectivity and has tolerogenic and immune modulating activity that plays a significant role in viral persistence. 
The amino-acid sequence of the S protein has allowed the identification of at least 8 genotypes of the virus plus two additional putative ones, the most common of which are genotypes A-F. Genotype A is seen mostly in Northern Europe, D is prevalent in Southern Europe, the Middle East and Indian subcontinent[15,16], genotypes B and C in the Far East, whilst genotypes E and F are found in Africa and South America respectively[17]. 

Genomic mutations
Natural stable variants of the virus give rise to well-recognised serological subtypes and genotypes as already mentioned[18]. However, HBV has a higher mutation rate than other DNA viruses (2,10-4 base substitutions per site per year)[19], through error prone steps in the replication cycle of the virus. As a result, HBV circulates in blood as a mixture of variants known as quasispecies. A lot of these mutations are lethal to the virus, but those which offer it a replication advantage, facilitate immune escape or cause resistance to antiviral drugs can be preferentially selected. However, two main stable variants have been identified which arise during the natural course of chronic infection and are predominant in patients with HBeAg negative CHB. These are the precore stop codon and BCP variants. 

Biology of the precore/core gene
The precore/core ORF has two in frame initiation (AUG) codons, which lead to the synthesis of two co-terminal proteins, namely the precore/core protein which is the precursor of HBeAg (Figure 2A) using the first AUG, and the nucleocapsid or core protein (HBcAg), from the second one. The two proteins are synthesized from different transcripts known as the precore mRNA and pregenomic (pg) RNA, respectively. The first 19 amino acids of the precore/core protein constitute a signal peptide that directs the protein to the endoplasmic reticulum (ER)[20], where cleavage of this peptide frees the remainder of the protein into the ER lumen, where further processing of the carboxy-terminal end results in the formation of HBeAg. This is subsequently released in the blood circulation.

Precore variants
The HBeAg-negative phase of hepatitis B viraemia is characterised by the presence of the precore stop codon variant which is selected during seroconversion and becomes dominant, whilst the wild type virus is cleared.  This variant has a G to A substitution at position 1986 of the precore region (denoted as G1896A or A1896) (Figure 2B) which converts the codon for tryptophan (TGG, codon 28) to a translational stop codon (TAG)[21]. Other mutations that have the same phenotypic effect are loss of the precore/core protein translation start codon (ATG to ACG or CUG), mutation of the second codon to a stop codon, and frameshifts and deletions resulting in the synthesis of nonsense proteins. A G1899A substitution often accompanies the A1896 change. 
The stop codon mutation is not favoured in genotypes A, C and F, whilst genotypes B, C, D and E with a T at this position are more amenable to the emergence of the precore stop codon mutation. This relates to constrains on the secondary structure of the pgRNA which constitutes the replicative intermediate used as template for the synthesis of the negative sense DNA strand by reverse transcription during the replication of the virus. The precore sequence forms the epsilon encapsidation signal, the secondary structure of which is critical for encapsidation but also for binding of the viral polymerase and synthesis of a short DNA primer that initiates DNA synthesis. Genotypes (A, C, F) which possess a C at position 1858 form a canonical Watson-Crick pair with the G at position 1896 as seen in wild-type strains. The remaining genotypes with U at 1856 can form a classical base pair with the precore change A1896 without compromising the epsilon structure. 
Biology of the core promoter region: The BCP has a pivotal role in the replication of the virus by directing the synthesis of both the precore and pgRNAs. The BCP overlaps with the 3’ end of the X ORF and the 5’ end of the precore region, and contains cis-acting elements that can independently direct transcription of the precore mRNA and pgRNA, both of which are about 3.5 kb in length[22]. The pgRNA starts 3’ to the precore AUG and is translated into the core and polymerase proteins, but in addition serves as the template for the synthesis of the negative DNA strand of the virus by reverse transcription as stated above (Figure 2)[23]. The precore mRNA, which is slightly longer than the pgRNA and is initiated upstream of the precore start codon, is the template for the translation of the precore/core protein for HBeAg production, as already described. Mutations in the core promoter region may have repercussions on viral gene expression and/or replication, with a concurrent impact on viral pathogenesis.
Basic core promoter variants: A double mutation in the BCP leading to substitutions A1762T and G1764A[24] has been associated either with HBeAg negativity or reduced HBeAg production, as demonstrated by transfection studies[25,26]. There is evidence to suggest that the double BCP mutation results in decreased levels of precore mRNA and therefore diminished production of HBeAg, whilst increased viral replication has been reported as a result of upregulation of pgRNA production, promoting encapsidation and core protein production[27]. The latter finding however remains controversial. The BCP mutations are thought to affect the nucleotide motif of a transcription factor binding site which in turn leads to the differences seen in transcript levels. 
The BCP double mutation has been found in patients regardless of HBeAg status. In anti-HBe-positive patients this mutation is often accompanied by a change at position 1753, from T to C or G. Other point mutations upstream and downstream of T1762/A1764 have also been described, occurring either alone or in combination with the double mutation, and in different settings, including chronic hepatitis, fulminant hepatitis B and HCC. Such mutations include T1753C and/or C1766T. Site-directed mutagenesis studies have shown that combined mutations of 1762/1764/1766 and 1753/1762/1764/1766 resulted in higher replication rates and lower HBeAg expression than the 1762/1764 mutations alone[28]. 

CLINICAL SIGNIFICANCE OF HBeAg NEGATIVE VARIANTS
Precore stop codon variant
Epidemiology: In the early 1980s, Hadziyannis et al[29] reported that HBV could replicate in the absence of HBeAg. This finding was subsequently attributed to the presence of the T1896A mutation in the precore region of the viral genome[21]. The precore variant frequency varies worldwide and is determined by the prevailing virus genotype[30]. In Mediterranean countries where HBV genotype D is predominant, practically all HBeAg negative CHB patients harbour the precore variant[31-33]. In China, where genotypes B and C predominate, 38% of the HBeAg patients harbour the precore variant, 42% the BCP variant and 12% both[34]. The prevalence of HBeAg negative CHB has been increasing over the last few decades probably reflecting the aging of existing HBV carriers and the effective prevention measures restricting new HBV infections[35,36]. In a previous study from Italy, HBeAg negative CHB prevalence rose from 41% during the 1975-1985 period to 90% during the 1990s[33,37]. The predominance of HBeAg negative CHB nowadays has also been supported by a French study[38].
The precore variant emerges during the course of HBV infection particularly in patients infected at birth or in the early years of life from infected family members[30,39]. Thus, the development of HBeAg negative CHB caused by the precore variant is a multivariate process depending on the age and mode of transmission, duration of the infection and sex[30,40]. In Greece, the age of acquisition of HBV infection cannot easily be defined, but it seems that intrafamilial spread during the early years of life is the most common mode of transmission[30]. In this respect, 40% of siblings of HBeAg negative CHB patients are also HBsAg/anti-HBe positive, while drug addicts, homosexuals and multiply transfused patients with a different mode of transmission are rarely HBsAg/anti-HBe positive[31]. In HBeAg negative CHB patients, male sex predominates with male to the female ratio varying between 4.6-17: 1[30].
Epidemiological studies have shown that HBeAg negative CHB with the precore variant can take years or decades after HBeAg seroconversion to become predominant[30,41]. Hence the age of HBeAg negative CHB patients ranges from 40 to 55 years[42,43], much older than HBeAg positive CHB patients from the same region. The epidemiology of precore and basal core promoter variants and their correlations with distribution of HBV genotypes are shown in Table 1.
Emergence and selection of precore mutants: The precore variant is either co-transmitted in acute infection or it emerges and then coexists in very small amounts with the predominant wild type virus during the latter period of the HBeAg positive phase (immune tolerant phase) of the disease[30,40,44]. It is selected at, or after, seroconversion to anti-HBe (immune clearance or seroconversion phase), whilst the HBeAg-producing strain gradually diminishes and is eventually cleared. This process can take years, during which time a mixture of both strains is usually seen[45,46]. Most patients after HBeAg seroconversion become “inactive HBsAg carriers” (immune control or ‘inactive HBsAg carrier’ phase)[47]. However, some of these patients after HBeAg seroconversion develop high viraemia accompanied by necro-inflammatory activity on liver biopsy (reactivation phase)[48].
It is noteworthy that in patients with high viral replication and normal aminotransferases during the HBeAg positive phase, the precore/core encoding sequence on analysis shows only very few, if any mutations[49-51]. Core protein amino-acid substitutions within T helper cell epitopes are involved in the control of the infection, while those in B cell epitopes may influence the re-emergence of the precore variant and reactivation of the infection[52]. During the reactivation phase of HBV infection, amino acid substitutions in the core protein are frequent[53-55]. Some investigators have suggested that an important selection pressure in HBeAg negative CHB is the presence of anti-HBe in the absence of an adequate CTL response, that renders the precore variant less vulnerable to immune clearance compared to the wild type virus[56]. However, others have demonstrated increased overall CD4+ T cell responses in patients with HBeAg negative CHB, comparable to those of acute hepatitis B[57].
Clinical presentation and prognosis of HBeAg negative CHB patients: HBeAg negative CHB patients are usually asymptomatic. CHB is diagnosed incidentally either after screening for HBsAg for blood donation or after diagnosis of CHB in a family member or because of detection of elevated AST/ALT values. Some patients are not aware of their CHB status until they have developed cirrhosis with complications or hepatocellular carcinoma. Clinically overt exacerbations with jaundice may also occur[30,48].
The definition of “inactive HBsAg carrier” requires the presence of serum HBV DNA levels below 2000 IU/mL and persistently normal serum aminotransferases (below 40 IU/mL) at least every 3-4 mo for 1 year[58]. The “inactive carrier” state may persist indefinitely and has excellent prognosis for survival. However, long-term longitudinal studies of adult inactive carriers have reported that loss of the inactive state and progression to CHB, usually HBeAg-negative, may occur with a cumulative rate varying from 10% to more than 30 % with an annual frequency ranging from 0.9% to 3%[59-65]. The frequencies of reactivation during follow-up vary according to the endemicity of HBV in a particular area, age of spontaneous HBeAg seroconversion, mode and age of transmission, HBV genotype and viraemia levels at entry in the study[39,47]. The duration of the inactive HBsAg carrier state usually lasts for years to decades but some patients progress directly from HBeAg positive to HBeAg negative CHB[62]. The HBeAg negative CHB stage is also characterized by older age as it represents the later phase in the course of chronic liver disease, high HBV DNA levels but lower than HBeAg positive CHB, liver necroinflammation and positive HBcAg staining in the liver[66]. Many of them have cirrhosis at the time of first presentation[7,62,37,64].
During the natural course of chronic HBV infection, HBsAg serum levels decline progressively from the immune tolerant to the low replicative phase[10,11]. A positive correlation was observed between HBsAg titer and serum HBV DNA or intrahepatic cccDNA levels in HBeAg positive patients. In HBeAg negative patients all three parameters decrease compared to HBeAg positive patients. However the correlation between HBsAg titer and serum HBV DNA or intrahepatic cccDNA levels weakens in HBeAg negative patients because in such patients HBsAg is either virion-associated, forms subviral HBsAg particles or is produced from integrated sequences[67]. Thus additional markers such as HBV DNA are used in combination with HBsAg quantification to differentiate inactive carriers from patients with chronic hepatitis. Genotypes may also play a role in HBsAg levels and it is evident that B/C genotypes have lower HBsAg levels than A/D ones[68].
Differentiating HBeAg negative patients into two groups i.e. those with chronic hepatitis and inactive carriers, is very important as the former could benefit from treatment. Recently, many investigators by using HBsAg quantification alone or in combination with HBV DNA levels, have tried to diagnose accurately inactive carriers from active disease and identify those who are going to clear HBsAg[12]. 
Thus, HBsAg levels < 1000 IU/mL and HBV DNA < 2000 IU/mL at a single time point assessed in Italian patients with genotype D identified inactive carriers with a positive predictive value of 88%[69]. In addition, HBsAg levels < 100 IU/mL predicted clearance of HBsAg with high specificity and sensitivity during follow-up[68]. In a recent report where 129 HBeAg negative CHB patients with normal ALT at baseline and genotypes A-E were included, applying combined HBsAg levels > 1000 IU/mL and HBV DNA > 200 IU/mL cutoffs at a single time point, accurately differentiated patients who reactivated[70]. The utility of HBsAg quantification with or without HBV DNA level determinations in asymptomatic HBeAg negative CHB in predicting either those who are going to seroclear HBsAg or those who are going to reactivate are listed in Table 2.
During follow-up, there are two patterns of HBeAg negative CHB activity; (1) persistently high viral replication and elevated ALT/AST without periods of remission; and (2) episodes of exacerbation and remission. During periods of exacerbation, AST/ALT elevation is preceded by a rise in HBV DNA to high levels. AST/ALT elevations usually resemble acute hepatitis episodes and are accompanied by jaundice and high anti-HBc IgM levels[30,48]. In the absence of a previous CHB diagnosis these episodes may therefore be misconceived as de novo acute hepatitis B. The periods of remission may be short or long lasting. In the latter case, the patient may be misclassified as an “inactive HBsAg carrier”. The 20%-30% of patients with histologically documented CHB have normal ALT/AST at the time of presentation[7]. However spontaneous sustained remissions of the disease activity are rare[64].
The incidence rate of cirrhosis in HBeAg negative CHB patients is 2.8 and 9.7 per 100 person–years in East Asian and European countries respectively and the corresponding 5-year cumulative risk for cirrhosis is 13% and 38%[60,62-64]. The corresponding rates for HBeAg positive CHB are 1.6 and 3.8 per 100 person-years and the corresponding 5-year cumulative risk for cirrhosis 8% and 17%[62,64,69,70]. The higher rates of cirrhosis development in HBeAg negative CHB reflect the advanced stage of liver disease at presentation and diagnosis. 

Basal core promoter variants
The biological significance of the double A1762T/G1764A mutation is still under investigation, particularly in relation to the precore stop-codon mutation. The presence of the double mutation is clearly associated with down-regulation of HBeAg production[71-73], as demonstrated by transfection studies. The double BCP mutation results in decreased levels of the precore mRNA and therefore diminished production of HBeAg[27,74]. Despite the low levels of precore mRNA, increased viral replication as a result of upregulation of pgRNA production, promoting encapsidation and core protein production have been described[26]. HBeAg negativity with the BCP mutations has been associated with severe liver disease[75-78]. In addition BCP mutations are more frequently associated with genotype C than genotype B[77,78] and this finding partly explains the association between genotype C and more severe liver histological findings[79]. The double mutation is associated with increased risk of developing hepatocellular carcinoma[70] independently of HBV genotype[78,80,81] and viral load[81,82]. The overlapping of the BCP A1762T/G1764A mutations with the HBx protein encoding region may explain this association as the protein has oncogenic properties[83,84]. A combination of the A1896 mutation, BCP A1762T/G1764A mutations and pre-S deletions has been found with high prevalence in patients with chronic liver disease[80].

CONCLUSION
HBeAg negative chronic hepatitis B constitutes the predominant patient group with chronic hepatitis B nowadays. The ‘inactive carrier” and reactivation state are two sides of the same coin as the former may persist indefinitely or progress to chronic hepatitis B during long-term carriage. The differentiation of inactive carriers from HBeAg negative chronic hepatitis B patients is important as the former have a low incidence of cirrhosis and hepatocellular carcinoma while the latter are associated with a high risk of developing cirrhosis and hepatocellular carcinoma and therefore may benefit more from timely antiviral treatment.
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[bookmark: _GoBack]Figure 1 Course of the natural history of hepatitis B virus infection showing the four possible phases of disease. These are referred to as the immune tolerant, the immune clearance, the non-replicative (inactive) and the reactivation phase characterized by increased viral replication and liver damage (shaded area). During the first two phases the patient is HBeAg positive and negative during the last two. Moreover, the wild type HBV is dominant in the Immune tolerant and immune clearance phases, whilst the precore and BCP variants are the main isolates seen in patients during the reactivation phase, and such patients constitute the HBeAg negative CHB group. Patients in the immune clearance and the reactivation phases are at greater risk of developing cirrhosis and eventually hepatocellular carcinoma (HCC).


Figure 2 Protein products encoded by the precore/core open reading frames in wild type and precore stop codon variant isolates. A: The 3.2 kb in length HBV DNA genome in linear form (normally circular as cccDNA) and the two longer than genome length precore mRNA and pgRNA, the transcription of which is under the control of the BCP. The transcripts encoding for HBsAg and HBxAg are not shown. The precore mRNA encodes for the precore/core protein (grey open reading frame) and the pgRNA for the core and polymerase (red and orange open reading frames); B: Effect of the precore stop codon mutation on HBeAg production in comparison to that of the wild type virus. The precore/core protein is the precursor of HBeAg and consists of the precore region (in brown) and the core encoding region (in pink). HBeAg is formed through proteolytic cleavage of both its amino- and carboxyl-ends (see text). The presence of the stop codon mutation leads to the abrogation of HBeAg production as a result of pre-mature termination of the synthesis of the precore/core precursor as shown. HBcAg; C: Synthesis on the other hand which utilises the pgRNA transcript remains unaffected, thus permitting continued virion production. Please note that the proteins share complete amino acid homology over the overlapped regions. Yet, HBeAg and HBcAg display different antigenic epitopes.


Table 1 Epidemiology of precore and basal core promoter variants and their correlation with of hepatitis B virus genotype distribution[15-18,30]
	Genotype
	Region
	Precore variant
	Basal Core Promoter variant

	B, C
	East and SE Asia
	Yes
	Yes

	A
	Northern Europe, North America,
Central Africa
	No
	Yes

	D
	Southern Europe, Middle East, Indian subcontinent 
	Yes
	No

	E
	West and Sub-Saharan Africa
	Yes
	No

	F
	Indian Population of Central and South America
	No
	No




Table 2 Clinical importance of HBsAg quantification in HBeAg negative patients in either predicting HBsAg seroclearance or differentiating inactive carriers  from chronic hepatitis patients
	
	Studies predicting HBsAg seroclearance

	Study
	Study design
	HBsAg levels
	Reliability of prediction

	Chan et al[68]
	Genotype B/C, Longitudinal study for 11 years
	HBsAg < 100 IU/mL
	75% sensitivity and 91% specificity

	Chan et al[85]
	Longitudinal study for 99±16 months
	HBsAg levels < 1000 IU/ml and HBV DNA < 2000 IU/mL
	Cumulative probability of 9% and 21% at 5 and 8 years respectively

	Tseng et al[86]
	Follow-up at 1 yr after spontaneous HBeAg seroclearance
	HBsAg < 100 IU/mL vs 100-999 IU/mL
	Hazard ratio 24.3 vs 4.4 for HBsAg seroclearance 

	Tseng et al[87]
	Genotype B/C Follow-up of 11.6 years 
	HBV DNA < 2000 IU/ml and HBsAg < 10 IU/mL
	Adjusted hazard ratio of HBsAg loss was 13.2 


	Martinot-Peignoux et al[70]
	Follow-up of 1 year
	HBsAg < 1000 IU/mL, annual decrease > 0.3 log IU/mL
	95%NPV  and 89%PPV 

	
	Differentiation of inactive disease from chronic hepatitis

	Brunetto et al[69]
	Genotype D, Follow-up for 34.5 months 
	HBsAg levels < 1000 IU/ml and HBV DNA < 2000 IU/mL 
	88% NPV and 97% PPV to identify inactive carriers

	Martinot-Peignoux et al[70]
	Follow-up of 1 year
	HBsAg levels > 1000 IU/ml and HBV DNA > 200 IU/mL
	96% NPV and 92% sensitivity to identify reactivation 

	Larsson et al[88]
	Single time point evaluation of ALT, histological score
	HBsAg levels < 1000 IU/ml and HBV DNA < 10,000 IU/mL
	96% PV to identify inactive carriers

	Park et al[89]
	Genotype C follow-up >48 months
	HBsAg levels > 850 IU/mL and HBV DNA > 850 IU/mL
	85% diagnostic accuracy to identify reactivation


NPV: Negative predictive value; PPV: Positive predictive value.


