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Abstract

Purpose Late-stage outcomes of chronic hepatitis B virus

(HBV) infection, including fibrosis, cirrhosis, and hepato-

cellular carcinoma (HCC) result from persistent liver injury

mediated by HBV antigen specific cytotoxic T lympho-

cytes (CTLs). Two other outcomes that often accompany

chronic infection, the emergence of mutant viruses,

including HBe-antigen negative (HBeAg (-)) HBV, and a

reduction over time in the fraction of hepatocytes produc-

tively infected with HBV, may also result from persistent

immune attack by antiviral CTLs. To gain insights into

how these latter changes take place, we employed com-

puter simulations of the chronically infected liver.

Methods Computational programs were used to model

the emergence of both virus-free hepatocytes and mutant

strains of HBV.

Results The computer modeling predicted that if cell-to-

cell spread of virus is an efficient process during chronic

infections, an HBV mutant that replicated significantly

more efficiently than the wild type would emerge as the

prevalent virus in a few years, much more rapidly than

observed, while a mutant that replicated with the same or

lower efficiency would fail to emerge. Thus, either cell-to-

cell spread is inefficient or mutants do not replicate

appreciably more efficiently than wild type. In contrast,

with immune selection and a higher rate of killing of

hepatocytes infected with wild-type virus, emergence of

mutant virus can be explained without the need for a higher

replication rate. Immune selection could also explain the

emergence of virus-free hepatocytes that are unable to

support HBV infection, since they should have a lower

turnover rate than infected hepatocytes.

Keywords Chronic hepatitis B � Immune selection �
HBeAg (-) HBV � Hepatocyte clones

Introduction

Hepadnaviruses, of which human HBV is the prototype,

replicate by reverse transcription of an RNA intermediate,

the pregenome. Hepatocytes are the main cell type infected

and following infection, the approximately 3-kbp relaxed

circular (RC) hepadnavirus genome enters the nucleus

and is converted into a covalently closed circular DNA

(cccDNA) [1–4]. cccDNA serves as the template for all of

the virus mRNAs, including the pregenome. cccDNA

molecules, which bind histone proteins [5], are highly

stable and are commonly detected at 5–50 copies per

infected hepatocyte.

In transient hepadnavirus infections, [95% of hepato-

cytes are often infected. Since hepadnavirus infection is not

cytopathic, elimination of hepadnavirus-infected hepato-

cytes requires immune attack by virus antigen-specific

CTLs, leading to the elimination of cccDNA directly by
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hepatocyte death or indirectly during compensatory hepa-

tocyte proliferation [6]. Whether significant cccDNA loss

occurs in the absence of hepatocyte turnover (i.e., hepa-

tocyte death and compensatory proliferation) remains

unclear [7]. We and others have reported that resolution

of transient hepadnavirus infections involves immune-

mediated attack on large numbers of hepatocytes and

significant turnover of the hepatocyte population [6, 8],

with turnover of up to 10% of the hepatocyte population

per day [6, 9, 10].

During chronic HBV infection, the percentage of

HBV-infected hepatocytes often begins with [95% of

hepatocytes infected but can decrease to 10–50% or fewer.

In chronic infections, hepatocyte turnover is of the order of

1–5% per day or less [11, 12]. Thus, in contrast to transient

HBV infections, chronic infections appear to involve per-

sistent immune attack on infected hepatocytes, which can

cause substantial clinical disease, but is nonetheless inad-

equate to resolve the infection [13]. In the noncirrhotic

liver, replacement of hepatocytes occurs by division of

other hepatocytes, and not by liver progenitor or stem cells

and it is assumed, as in the uninfected liver [14], that most

if not all infected hepatocytes have an equal probability of

dividing to maintain liver mass.

Clinical studies have suggested that the natural course of

chronic HBV infection consists in many patients of four

phases: immune tolerance, immune clearance (hepatitis B e

antigen [HBeAg]-positive chronic hepatitis), inactive car-

rier state, and reactivation (HBeAg-negative chronic HBV)

[15–17]. Particularly when acquired in childhood, chronic

HBV infections involve an initial immune tolerance phase

with widespread infection of hepatocytes, high levels of

viremia, mild immune responses, and minimal inflamma-

tion. The immune tolerance phase may progress in some

patients to an immune clearance phase in which levels of

viremia can fluctuate, and inflammation and liver injury

become more obvious, reflecting a more aggressive

immune response to the infection. The immune clearance

phase may in some cases lead to a reduction of viremia to

virtually undetectable levels [18]. Liver disease may

become quiescent, accompanied by mild chronic hepatitis

and is classified as the inactive carrier phase of HBV

infection. Finally, reactivation of liver disease can also

occur.

During the immune clearance phase in particular, there

may be a switch in the predominant form of HBV in the

liver, from wild type to HBeAg (-) mutants. These

mutants are unable to make HBeAg, a virus secretory

protein that is believed to suppress antiviral CTL responses

to the HBV core protein (HBcAg), with which it shares

immunodominant epitopes [19]. Although the mechanisms

underlying this switch are uncertain, it is believed to reflect

a higher rate of killing of hepatocytes infected by wild-type

HBV as compared to hepatocytes infected by HBeAg

(-) HBV, as discussed below. The conversion is often

accompanied by the appearance of anti-HBe antibodies.

While the emergence of HBeAg (-) HBV has been

observed in many clinical studies, another possible exam-

ple of immune selection by antiviral CTLs has been less

considered. Typically, a large fraction of hepatocytes in the

chronically HBV infected liver, including, but not limited

to foci of altered hepatocytes (FAH) [20, 21], do not

contain detectable levels of virus antigens and nucleic

acids [22–32], suggesting that these hepatocytes do not

support HBV infection. Alternatively, some of these

hepatocytes may express HBV surface antigen (HBsAg) in

the absence of virus replication or expression of HBcAg.

Since the strongest selective pressure in the liver of an

HBV carrier is against infected hepatocytes, it seems

probable that emergence of apparently virus-free hepato-

cytes during a chronic infection, or hepatocytes expressing

HBsAg, but not supporting HBV replication, must also

reflect a host immune response that selects for hepatocytes

that have lost the ability to express all, or a major subset of,

HBV antigens.

In the following section, we show using a simple

computational model how killing of infected hepatocytes

by antiviral CTLs may easily explain the emergence of

virus-free hepatocytes. In a subsequent section, we use

additional computational models to evaluate possible

explanations for the emergence of HBeAg (-) HBV as

the prevalent virus strain in chronic HBV infections. These

models support the current idea that negative immune

selection by antiviral CTLs may also be the major cause

for emergence of HBeAg (-) HBV, although as discussed

below, other mechanisms may also make significant

contributions.

Results

Selection of virus-negative hepatocytes

Introduction

A large number of studies, some of which are cited above,

support the idea that virus-free hepatocytes emerge during

the course of a chronic HBV infection. It is possible that

these hepatocytes contain integrated and cccDNA. Never-

theless, the level of expression of HBcAg and HBV DNA,

both considered markers of a productive infection when

found in the cytoplasm, is too low to be detected by con-

ventional assays.

This is illustrated in Fig. 1 and Table 1. Liver tissue

from a group of four patients with chronic HBV infection

was collected 13–14 years following renal transplant and
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was studied by immunostaining for the presence of mem-

branous and cytoplasmic HBsAg, cytoplasmic and nuclear

HBcAg, and by in situ hybridization for HBV DNA [33].

As can be seen in Table 1, all patients were serum HBV

DNA positive (indicating ongoing HBV viremia), but

many hepatocytes in different liver lobules had low or

undetectable levels of HBsAg, HBcAg, and HBV DNA

(Fig. 1). In these patients, HBV-free hepatocytes repre-

sented up to 40–90% of hepatocytes despite the presence of

ongoing viremia. The factors that prevent HBV replication

in these hepatocytes are unknown, but we hypothesize that

they arise in the liver due to immune escape from the

antiviral immune response.

A similar phenomenon has been observed in wood-

chucks chronically infected with woodchuck hepatitis virus

(WHV), where clusters of apparently WHV free hepato-

cytes and scattered hepatocytes expressing little or no

WHV core antigen are readily detected (Fig. 2). As in

humans, some of the foci of virus-free hepatocytes in the

woodchuck liver clearly represent FAH, often considered

to be preneoplastic [34–38], whereas virus-free hepatocytes

in other foci appear to have a normal morphology [36]. In

contrast, virtually all hepatocytes can be infected during a

typical transient WHV infection [7, 10].

Computational modeling suggests that immune escape

could lead to the emergence of large numbers of virus-free

hepatocytes

Persistent hepatitis with an elevated level of hepatocyte

turnover due to killing of infected hepatocytes by antiviral

CTLs appears to characterize chronic HBV infections.

There is no totally reliable measurement of hepatocyte

turnover rates in the chronically infected liver, but at least

some estimates put it in the range of 1–5% per day [11, 12].

This contrasts with the levels of hepatocyte turnover in a

healthy, uninfected liver, which are generally in the order

of 0.01–0.1% per day (here we used 0.05%). Thus, hepa-

tocytes in a chronically infected liver that are virus free or

have lost the ability to express HBV, and therefore evade

immune attack, should have a strong survival advantage

compared to productively infected hepatocytes. Both virus-

infected and virus-free hepatocytes contribute to cell

replacement in the chronically infected liver. Since liver

mass is maintained even during infection of the entire

hepatocyte population, it seems likely that both virus-

infected and virus-free hepatocytes respond equally to

signals, to divide to maintain the hepatocyte population.

The consequence would be that virus-free hepatocytes

Fig. 1 Detection of HBsAg (a, c, e) and HBV DNA (b, d, f) in liver

tissue from renal transplant patients with chronic HBV infection. (a,

b) Patient 2, with mild chronic active hepatitis (CAH) and developing

cirrhosis. Cytoplasmic and membranous HBsAg and cytoplasmic

HBV DNA were detected in hepatocytes that were each distributed

randomly throughout the lobule; groups of hepatocytes with increased

HBsAg and HBV DNA were seen in the periportal regions of the

lobule. Many virus-free hepatocytes were also observed. (c, d) Patient

3, with marked CAH and established cirrhosis. The percentage of

HBsAg and HBV DNA positive hepatocytes was highest in areas of

acinar regeneration and at the periphery of regenerative nodules.

HBsAg and HBV DNA containing hepatocytes were seen near areas

of piecemeal necrosis. (e, f) Patient 4, with mild CAH and established

cirrhosis. Small foci of hepatocytes were observed containing

cytoplasmic HBsAg and HBV DNA. HBsAg was detected by

immuno staining of liver tissue fixed with ethanol/acetic acid [33].

Nuclei were counterstained with hematoxylin. HBV DNA was

detected by in situ hybridization with an 125I labeled HBV DNA

probe. Autoradiographic exposure, 168 h, stained with hematoxylin

and eosin. Results are summarized in Table 1. Magnification, 2009
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undergo clonal expansion, not because they have a higher

growth rate than infected hepatocytes, but because they

have a lower death rate.

To examine the consequences of a lower death rate, we

have computed clonal expansion of virus-free hepatocytes

in a chronically infected liver. Infected hepatocytes were

assumed to be killed at rates of 0.5, 1.0, 2.5, or 5.0% per

day, while uninfected hepatocytes are killed at a rate of

0.05% per day. All hepatocytes were assumed to have an

equal probability of dividing to maintain liver cell mass. In

Fig. 3, we have plotted the change in the number of virus-

free hepatocytes, which were arbitrarily assumed to be

present at an initial frequency of 10-5. Even when infected

hepatocytes were killed at the relatively low rate of 0.5%

per day (kd = 0.005), uninfected, virus-free hepatocytes

which were killed at a rate of 0.05% per day (kd = 0.0005)

still had a 10-fold survival advantage that allowed them to

repopulate the entire liver in 8–9 years. Obviously, since

the HBV carrier state persists, this does not happen. Some

possible reasons are that such hepatocytes are not ini-

tially as frequent as supposed in Fig. 3 and, in addition that

the structure of the liver lobules imposes constraints on

clonal expansion. An additional constraint may arise if

hepatocytes that divide in response to CTL killing are

preferentially located immediately adjacent to the dying

hepatocyte. This would impose a limit on the rate of clonal

expansion because division within a virus-free focus would

then be largely restricted to hepatocytes near the border

with infected hepatocytes. Division in the interior of the

focus would be lower because hepatocyte death was also

lower. It can be estimated that only 20% of a spherical

clone of 10,000 virus-free hepatocytes would be located

at the surface and potentially adjacent to infected

hepatocytes.

While virus-free FAH and foci of virus-free, but mor-

phologically normal hepatocytes [20, 21, 36–38] would

appear to fulfill the role described in the model (Fig. 3), it

is not yet known if these histologic entities are clonal. It

is possible to look for clonal expansion of hepatocytes

in the chronically infected liver by assaying for virus

DNA integrated at random sites in the host genome. A

double-stranded linear DNA formed as a by-product during

hepadnavirus replication appears to be the preferential

precursor to integrated virus DNA, with insertion occurring

Table 1 Analysis of liver biopsy samples from renal transplant patients

Patient details No. 1 2 3 4

Age/sex 29F 62M 62M 52F

Serum markers HBsAga + + + +

Anti-HBsa - - - -

HBeAga + + - -

Anti-HBea + NTf NT NT

HBV DNAb + + + +

Liver markers HBsAgc M 80–100 100 90 50–100

C 80–100 100 100 0–2–10

HBcAgd N 30–60 10 13–20 0

C 5–50 10–50 0–10 1

HBV DNAd % +ve 50–100 50–80 10–80 0–5

Signal 2+ to 3+ 1+ to 4+ 1+ to 4+ 1+ to 2+

Liver histologye GGC 3+ 2+ 1+ 1+

PMN - 1+ 3+ 1+

CIRR - D E E

Diagnosis CLH CAH CAH CAH

a HBV serum antigen and antibody markers detected by immunoassays
b Serum HBV DNA detected by dot-blot hybridization
c,d HBsAg detected in hepatocyte membranes (M) and cytoplasm (C), and HBcAg detected in hepatocyte nuclei (N) and cytoplasm (C) by IF and

immunoperoxidase staining in sections of both frozen and EAA-fixed liver tissue, and expressed as % positive hepatocytes in different fields
d HBV DNA detected by in situ hybridization in the cytoplasm of hepatocytes and expressed as % positive (+ve) hepatocytes per field;

quantitated visually and expressed on a scale of 1+, 2+, 3+, and 4+. HBV DNA was detected in sections of both frozen and ethanol/acetic acid-

fixed liver tissue
e Liver histology: ground-glass hepatocytes (GGC) and piecemal necrosis (PMN), both judged visually and rated on a scale 1+, 2+, 3+, and 4+;

CIRR = cirrhosis, D = Developing cirrhosis, E = Established cirrhosis. Diagnosis: CLH = chronic lobular hepatitis, CAH = chronic active

hepatitis
f NT = not tested
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by nonhomologous recombination [39–45]. It was found

that clones of[1,000 hepatocytes comprised at least 1% of

the liver of 27-month-old WHV carrier woodchucks, a

degree of clonal expansion much too high to be explained

by clonal growth due to random hepatocyte turnover [46].

Thus, a selection process may be inferred to be responsible

for the observed clonal expansion [46]. Only about 1% of

the hepatocytes within these livers contained integrated

WHV DNA that was detectable by the assays used. Thus, it

is likely that the fraction of the liver comprised of these

large clones of hepatocytes is much greater than 1%. It

should be possible to determine, using integrated WHV

and HBV DNA, if the virus-free hepatocyte foci that have

been defined histologically correspond to such clones of

hepatocytes.

Summary

On the basis of the analysis in Fig. 3, it is easy to see that

clones of virus-free hepatocytes could emerge due to

immune selection directed against hepatocytes that con-

tinue to produce high levels of HBV or WHV. A related

question, addressed below, is whether this same model

could explain the emergence of HBeAg (-) HBV during

the course of a chronic HBV infection.

Emergence of HBeAg (-) HBV

Introduction

Chronic HBV infection, at least in the immune tolerance

phase, is characterized by the presence of HBeAg in the

serum. Early studies suggested a strong correlation between

serum HBeAg and high-titer viremia. For instance, it

was observed that HBsAg-positive women who were also

HBeAg-positive readily transmitted HBV to their newborn,

whereas the risk of transmission was much lower if anti-

bodies to HBeAg, rather than HBeAg, were prevalent in the

serum [47]. Thus, anti-HBe antibodies appeared to be a

Fig. 2 Expression of WHV core antigen in the chronically infected

liver. A liver tissue section from a 27-month-old chronically WHV-

infected woodchuck was subjected to immuno staining for detection

of WHV core antigen, and counterstained with hematoxylin [10].

(a) Shows a focus of hepatocytes in which WHV core antigen was

undetectable. An adjacent area of the liver in which the majority of

hepatocytes contain detectable levels of WHV core antigen is shown

in (b). Magnification, 2009

Fig. 3 Immune selection of virus-free hepatocytes in the chronically

infected liver. In the model ‘‘liverfix’’ a small fraction of hepatocytes

(i.e., uninfected) are killed by CTLs at a lower rate than the majority

of hepatocytes. Let H(0) be the initial liver fraction composed of such

privileged liver hepatocytes. p1 is the fraction of ordinary infected

hepatocytes that are killed per day and p2, less than p1, is the fraction

of privileged hepatocytes killed per day. We assume that both

hepatocyte types undergo mitosis with equal probability and that

hepatocytes proliferate each day to maintain liver mass. Under these

conditions, the privileged hepatocyte fraction increases each day

according to the recursion: H(nþ 1) ¼ (1� p2)H(n)/ (1� p1)(1�½
H(n))þ (1� p2)H(n)�, where H(n) stands for the fraction of privi-

leged hepatocytes on day n. (The model is available from S. Litwin

[Samuel.Litwin@fccc.edu] upon request). In the figure, uninfected

hepatocytes are killed daily at a rate of 0.0005 per day, while infected

hepatocytes are killed daily at the rate indicated in the figure legend.

Thus, if infected hepatocytes were killed at a rate of 0.01 (kd = 0.01),

or 1% per day, uninfected, virus-resistant hepatocytes, if initially

present at a frequency of 10-5, would become the dominant

population of hepatocytes in the liver after 3–4 years

Hepatol Int (2008) 2:3–16 7

123



marker of seroconversion to a lower viremia or, in some

cases, to a nonviremic state in which virus production in the

liver had been largely terminated.

Conversion from HBeAg to anti-HBe antibodies was also

found to be a common marker of spontaneous clearance of

chronic infections, of interferon-alpha and nucleoside ana-

log induced cures of infection, and of recovery from

transient infections. However, it quickly became clear that

this correlation was not always correct, some patients con-

verted from serum HBeAg to anti-HBe antibodies without

clearing their infection and others converted from HBeAg

positive to HBeAg (-) without production of anti-HBe

antibodies, again with continuing virus production and,

especially, evidence of continuing active liver disease (see

[15, 16] for review). It was originally believed, since many of

these patients presented with enhanced disease activity, that

loss of serum HBeAg might be causal. Studies with a mouse

model suggest that HBeAg might induce tolerance and

suppress CTL responses against HBcAg [19], and some

evidence from the woodchuck model of neonatal transmis-

sion suggests that WHV e antigen might be necessary to

establish a chronic infection [48]. Thus, loss of serum

HBeAg during a chronic infection might allow a more vig-

orous immune response to at least one class of virus antigens,

those shared between HBeAg and HBcAg.

However, our immediate concern is not the function of

HBeAg in HBV infections, which remains unclear, but the

more special case of how HBeAg (-) HBV can emerge

from a population of mostly wild-type HBV to become the

predominant virus in the liver. Conversion of wild-type to

HBeAg (-) HBV can occur with as little as one nucleotide

change to create a stop codon in the preCore domain, which

encodes the signal peptide at the amino terminal end of the

protein precursor to the secreted HBeAg [49–51]. It is this

simple example of an HBeAg (-) HBV with which we will

be concerned here, although we expect that the same out-

comes would apply to more complex variants involving the

preCore promoter. Thus, if HBeAg is essential to initiate a

chronic infection, HBeAg (-) HBV mutants might be

expected to be present at a frequency of approximately 10-

4, the spontaneous mutation rate [52], during the early,

immune-tolerant phase of chronic HBV infection. Later

expansion might be possible because, for instance, HBeAg

is no longer needed once a chronic infection is established.

Therefore, approximately four logs of enrichment would be

sufficient for emergence of HBeAg (-) HBV. What

mechanisms could account for this enrichment?

Forward mutation

One obvious contributor would be forward mutation. While

the mutation rate constant may be approximately 10-4 per

round of cccDNA synthesis [52], the accumulation of

mutations at any particular site is also driven by the relative

amounts of wild-type and mutant HBV in the liver. Since

virus that has a wild-type HBeAg is initially more abun-

dant, the fraction of HBV containing an HBeAg (-)

mutation will increase as infected hepatocytes proliferate to

compensate for the death of other infected hepatocytes and

to maintain liver mass. If the HBeAg (-) mutation is

neutral, and forward and back mutation occurs with the

same rate constant, viruses containing this mutation will

gradually accumulate until, given enough time, they rep-

resent 50% of the virus population. The rate at which this

accumulation occurs will depend on how often cccDNA is

formed, which will be influenced by a number of factors

that are related to how we view chronic infections.

To explore this issue of mutant emergence, we therefore

used a computational model originally developed to

explore the emergence of drug-resistant strains of HBV

[53]. In this computational model, the wild-type and

HBeAg (-) HBV were assumed, initially, to replicate at

the same rate, such that infected hepatocytes would double

in number every 3 days following infection of a naı̈ve host.

cccDNA was assumed to survive mitosis, distributing to

progeny hepatocytes in a binomial fashion. We considered

liver turnover to be of the order of 1–5% of hepatocytes per

day [11, 12]. Figure 4a shows that if infected hepatocytes

were killed at a rate of 1% per day, after 30 years, the

frequency of HBeAg (-) HBV mutants would only rise

about 100-fold, and hepatocytes containing only HBeAg

(-) HBV would represent only about 1% of the total

hepatocyte population. With hepatocyte turnover of 5% per

day, the percentage of hepatocytes containing only HBeAg

(-) HBV would rise to 5% of the total hepatocyte popu-

lation (Fig. 4d). (It should be noted that in both

simulations, as a result of random distribution of cccDNA

to daughter cells, HBeAg (-) HBV cccDNA is gradually

segregated over multiple rounds of hepatocyte division into

hepatocytes that contain no wild-type HBV.) This is also

the case for the model discussed in Fig. 5. This segregation

provides an additional advantage for emergence of mutant

virus if immune selection, as discussed later, is driven by

antiviral CTLs that selectively kill hepatocytes containing

wild type HBV.

On the other hand, if HBeAg (-) HBV mutants had a

replication rate twice that of wild-type HBV (i.e., the

mutation is not neutral) and infected hepatocytes were

killed at a rate of 1% per day, after 30 years, hepatocytes

containing only mutant HBV would represent about 10% of

the total hepatocyte population (Fig. 4b). With killing at

5% per day, after 30 years hepatocytes containing only

HBeAg (-) HBV would represent about 40% of the

hepatocyte population (Fig. 4e). Flares of acute hepatitis or

a contribution from immune selection would then allow

8 Hepatol Int (2008) 2:3–16
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them to easily become dominant (see below). Finally, if the

mutant replicated half as fast as wild type, hepatocytes

containing solely HBeAg (-) HBV would not become a

significant fraction of the total hepatocyte population

(Fig. 4c, f).

We also considered the possibility that cccDNA, and its

precursors, are lost when hepatocytes pass through mitosis.

If as in Fig. 4a, infected hepatocytes are killed at a rate of

1% per day and both wild-type and mutant HBV replicate

at the same rate, the need to reinfect postmitotic hepato-

cytes provides a modest increase in hepatocytes infected

only with HBeAg (-) HBV, from 1% to 6% after 30 years

(Fig. 5a). If the turnover of infected hepatocytes is 5% per

day, hepatocytes infected only with HBeAg (-) HBV

represent 20% of the hepatocyte population after 30 years

(Fig. 5c). Thus, the effects of cccDNA loss during mitosis

are relatively modest when the mutant and wild type rep-

licate at the same rate. (In the simulation, we assume that

hepatocytes that lose cccDNA during mitosis are reinfected

by only a single virus, and that reinfection with either wild

type or mutant occurs in proportion to the prevalence of

each strain in the liver.) In contrast, if the mutant replicated

Fig. 4 Emergence of HBeAg (-) HBV due to spontaneous mutation.

To compute the kinetics of emergence of HBeAg (-) HBV, the model

simulates a liver of 3 9 1010 hepatocytes. (This liver size constraint

does not effect the calculations reported here, since all calculations

are based on fractions of a liver.) Infection status, cccDNA copy

number, virus genotype (wild type, HBeAg (-) HBV), and virus

production was followed in each hepatocyte as a function of the

number of rounds of hepatocyte death and proliferation. Forward- and

back-mutation were assumed to occur with a rate constant of 10-4 per

nucleotide [52]. In addition, it was assumed that the hepatocyte

population was maintained by proliferation of other hepatocytes, and

that all hepatocytes had an equal chance of dividing. The model is

described in detail in [53] and is available upon request (Samuel.Li-

twin@fccc.edu). (a) cccDNA was assumed to have a uniform

distribution from 1 to 50 copies per hepatocyte, and DNA synthesis

was assumed to build up cccDNA copy number exponentially so that

a hepatocyte with 25 copies would reach this value after 3 days. Virus

spread was assumed to be sufficient to double the number of infected

hepatocytes every 3 days. Mutant virus, initially present at a

frequency of 10-4, was assumed to have the same replication rate

as wild-type HBV. Infected hepatocytes were assumed to be killed at

a rate of 1% per day and uninfected hepatocytes (e.g., resulting from

cccDNA dilution when hepatocytes with a low cccDNA copy number

divide) at a rate of 0.05% per day. The fraction of hepatocytes

containing only mutant HBV is plotted along with the average copy

number per total hepatocytes of mutant and wild-type cccDNA. (b)

The simulation was carried out as in (a), except that the mutant virus

was assumed to replicate twice as efficiently as the wild type. (c) As

in (a), except that the mutant was assumed to replicate half as

efficiently as the wild type. (d, e, f) As in (a, b, and c), respectively,

except that infected hepatocytes were assumed to be killed at a rate of

5% rather than 1% per day

Hepatol Int (2008) 2:3–16 9
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twice as fast as wild type HBV, it would quickly become

the dominant virus in the liver (Fig. 5b, e). This would also

be true if the mutant had only a slight replication advan-

tage. For instance, with killing of 1% of infected

hepatocytes per day, a virus that replicated 20% more

efficiently than the wild type would emerge after approx-

imately 5 years, and a virus with only a 5% replication

advantage would emerge after approximately 15 years (not

shown). In contrast, if it replicated less efficiently, it would

never emerge (Fig. 5c, f).

At present it is not certain how well HBeAg (-) HBV

replicates in vivo as compared to the wild-type virus from

which it is derived. Yeh et al. [54] recently reported on the

emergence of HBeAg (-) HBV following discontinuation

of a short course of Lamivudine therapy, administered to

three HBV carriers with elevated serum ALT levels. Prior to

or near the start of therapy, the mutant-to-wild type ratio

was about 25%. When therapy was stopped, the mutant

increased to become nearly 100% of circulating virus within

a few months. Following a flare of acute hepatitis, the ratio

then dropped in patients as wild-type HBV again became

predominant. The authors concluded that HBeAg (-) HBV

replicates more efficiently than wild type. However, the

data do not rule out immune selection against hepatocytes

infected with wild-type HBV as a basis for the transient

emergence of HBeAg (-) HBV as the predominant virus

(see below). Moreover, it is difficult, without other data, to

explain the reemergence of wild type if, in fact, the mutant

virus replicates more efficiently. Thus, all that at present

seems clear is, that loss of cccDNA during mitosis would

lead to a rapid emergence of any mutant that replicated

more efficiently than wild type, but this rapid emergence

does not occur. Thus, it seems that either cccDNA is not lost

at mitosis or the mutant does not replicate any more effi-

ciently than the wild-type virus. Again, it is not known for

certain if cccDNA survives mitosis, though some published

evidence suggests this is the case [12, 55].

A high rate of hepatocyte death of 5% per day could also

make a contribution to the emergence of mutant HBV

(Fig. 5c). Whether this high rate is ever sustained in

patients over long periods, basically through the course of

their chronic HBV infection, is unknown.

Fig. 5 Emergence of HBeAg (-) HBV due to spontaneous mutation:

effect of loss of virus infections as hepatocytes pass through mitosis.

Simulations in (a–f) were carried out as in (a–f), respectively, of

Fig. 4, except that cccDNA was assumed to be lost and hepatocytes

cured as they passed through mitosis
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In summary, forward mutation during the course of a

chronic infection does not appear by itself to explain

emergence of HBeAg (-) mutant viruses (Fig. 4a, d).

Forward mutation and superinfection

One way for a mutant to spread through the liver might be

by superinfection of other hepatocytes. Superinfection of

hepatocytes was demonstrated in one study with duck

hepatitis B virus (DHBV) [56] using a DHBV-based vector

that expressed green fluorescent protein. The occurrence of

HBV isolates that appear to be intergenotype recombinants

may also be indirect evidence of superinfection, but an

equally plausible explanation is that the putative recom-

binants arose following simultaneous coinfection of

uninfected hepatocytes rather than by superinfection. In

fact, with the exception cited above, superinfection of

hepatocytes has been difficult to document. The process is

likely to be inefficient in as much as excessive accumula-

tion of cccDNA does not seem to occur, most copy number

estimates of cccDNA being in the range of 5–50 per

hepatocyte. A study of single nuclei from DHBV-infected

ducks also suggested that cccDNA copy numbers remain

low [57], unlike what might be anticipated if the hepato-

cytes were being constantly superinfected. Hepatitis delta

virus (HDV) has the HBV envelope, and its ability to

superinfect the chronically HBV-infected liver might be

taken as evidence that superinfection is an efficient process.

However, although HDV also replicates in the nucleus, its

genome is encased in HDV antigen, and not HBcAg, and it

is possible that resistance to HBV superinfection occurs at

a later stage than virus attachment, for example during

nuclear entry of RC DNA to form new cccDNA molecules.

To investigate how superinfection might contribute to

emergence of HBeAg (-) HBV, we examined the conse-

quences of superinfection, using the computational model

described in Fig. 4 [53]. In these computations, hepato-

cytes that accumulate 60 or more copies of cccDNA were

arbitrarily assumed to die. The effect of cccDNA copy

number on hepatocyte viability is not well characterized,

but it is clear that unregulated accumulation of hundreds of

copies of cccDNA can lead to cell death [58–60]. Since the

measured average copy number of cccDNA in infected

hepatocytes is generally much lower, in the range of 5–50,

it is apparent that if superinfection takes place, it is not

efficient enough to have a major effect on the cccDNA

copy number.

Figure 6a shows the results of a computation in which

superinfection was arbitrarily set to occur at a frequency of

5% per day, CTL killing of infected hepatocytes at a rate of

1% per day, and the mutant and wild-type viruses were

assumed, as in Fig. 4a, to replicate at the same rate. Again

as in Fig. 4, the mutation rate was set to 10-4. Three

conclusions are readily apparent. First, at this rate of

superinfection an accumulation of cccDNA in excess of the

mean of 25 copies per cell does not occur. This can be

attributed to the fact that cccDNA is removed by cell death

at approximately the same rate as it is added by superin-

fection. Second, as might have been expected, the net

accumulation of mutants is not significantly altered from

that which in the model can be attributed to forward

mutation. And third, as a result of superinfection there is

very little accumulation of hepatocytes infected only with

HBeAg (-) HBV (cf. Fig. 4a); that is, superinfection

overcomes the segregation of mutant and wild type virus

into separate hepatocyte lineages. Thus, on the basis of this

analysis it is difficult to see how superinfection could

contribute to the emergence of a mutant virus that has the

same replication rate, or a lower replication rate, than the

wild type.

If the mutant is assumed to replicate at twice the rate of

wild type, a very different picture emerges. In this case, the

mutant will eventually take over in any hepatocyte lineage

it infects, as new cccDNA is added to increase copy

number following each round of mitosis. Thus, with the

parameters used in Fig. 4b, but with a daily rate of

superinfection of 5%, an HBeAg (-) mutant would

become the major virus in the liver after approximately

6 years (Fig. 6b). This would occur even more rapidly if

the daily rate of turnover of infected hepatocytes was 5%

rather than 1% as shown in Fig. 6b, or if superinfection

was more efficient.

When the simulation in Fig. 6b was carried out assum-

ing the mutant replicated 20% better than the wild type,

emergence occurred after 15 years (not shown). In contrast,

a mutant virus that replicated only 5% better than the wild

type did not emerge even after 30 years. Thus, it is possible

to imagine a scenario in which HBeAg (-) HBV emerged

in middle age because the mutant had only a minor growth

advantage, perhaps 10% over wild type (not shown).

The major problem with this model is that little is

known about superinfection efficiency, or about in vivo

replication rates of HBeAg (-) HBV. However, with what

would seem to be a low superinfection efficiency and a

modest replication advantage, the mutant would quickly

take over, a phenomenon not observed in patients. Thus, in

our view, a model based on emergence of HBeAg (-)

HBV through cell-to-cell spread via superinfection, as in

Fig. 6b, is not compelling.

Flares of acute hepatitis

Flares of acute hepatitis resulting from CTL killing of

infected hepatocytes sometimes occur in HBV carriers,
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defining the so-called immune clearance phase of chronic

HBV infection [15, 16]. The name may be appropriate in

view of the evidence of liver damage, reflected by

increases in liver enzymes in the serum and acute inflam-

mation in the liver, but the extent to which these responses

routinely lead to loss of cccDNA and elimination of

infection is unknown. If we assume for the sake of dis-

cussion that HBV is eliminated from 99% of infected

hepatocytes during flares of acute hepatitis, we can calcu-

late the enrichment that would occur as wild type and

mutant spread to occupy the new replication space. If the

wild type and mutant replicate at the same rate, no

enrichment would occur. However, if the replication rate of

the mutant was 200% that of the wild type, a 2 to

approximately 10-fold enrichment of the mutant would

occur, depending upon whether the residual infected

hepatocytes produced enough virus to immediately reinfect

the virus-free hepatocytes, or if exponential expansion

occurred into the virus-free population. Thus, flares of

acute hepatitis occurring after, for instance, enrichment by

spontaneous mutation, as illustrated in Fig. 4b and d, could

lead to a situation in which the mutant became equally or

more abundant than wild type. Unfortunately, as noted

above, there is no definitive evidence that HBeAg (-)

HBV replicates in vivo at a higher rate than the wild type,

nor is it clear that flares of acute hepatitis are routinely

associated with loss of cccDNA and curing of hepatocytes.

Thus, acute flares do not appear so far to provide an

explanation for the emergence of HBeAg (-) HBV unless

there is a differential killing of wild-type infected hepato-

cytes during the flare (see immune selection, below).

Immune selection

The final mechanism for emergence of HBeAg (-) HBV

we will consider is immune selection; that is, preferential

killing by immune attack on hepatocytes expressing wild-

type HBV. The consequences of small differences in death

rates on hepatocyte populations are plotted in Fig. 7. Here

we assume that hepatocytes that are infected, but do not

express HBeAg and, presumably do not contain any wild-

type cccDNA, are killed at a slightly lower rate than

hepatocytes with at least one copy of wild-type cccDNA.

Hepatocytes expressing HBeAg are assumed to be killed at

a rate of 1% per day. It is assumed that cccDNA survives

hepatocyte mitosis and is inherited by progeny hepatocytes,

and that infected hepatocytes that do not make HBeAg are

present initially at a frequency of 10-4. With a death rate of

0.9% per day (90% of the wild type), HBeAg (-) HBV

infected hepatocytes would become the major population

in the liver after approximately 25 years. With a death rate

Fig. 6 Effect of spontaneous

mutation and superinfection on

the emergence of HBeAg (-)

HBV. The simulations in (a and

b) were carried out as in (a and

b), respectively, of Fig. 4,

except that hepatocytes were

allowed to be superinfected at a

rate of 5% per day
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that was 0.925% per day (92.5% of wild type), these

hepatocytes would rise to approximately 30% of the

infected cell population after 30 years.

Assuming the wild-type death rate was 5% per day

rather than 1%, the emergence would be much faster, and

even with a death rate that was as high as 0.95% (95% of

the wild type), HBeAg (-) HBV hepatocytes would rep-

resent 50% of the infected hepatocyte population after

10 years (not shown).

Thus, with the proviso that hepatocyte turnover is of the

order of 1–5% per day, of the four mechanisms considered

here, immune selection would appear to provide the sim-

plest explanation for the ultimate emergence of HBeAg (-)

HBV. The other processes such as forward mutation and

flares of acute hepatitis could also contribute to the emer-

gence of HBeAg (-) HBV in individual patients, but

immune selection would appear to be an essential step.

This rate of turnover of infected hepatocytes (1–5% per

day) might be a conservative estimate for many hepatitis

patients, particularly during the immune clearance phase

[11], but no studies have been carried out to assess hepato-

cyte turnover over extended periods. Another uncertainty

lies in the assumption that hepatocytes infected by HBeAg

(-) HBV will be less efficiently targeted by antiviral CTLs

than hepatocytes infected by wild-type HBV. Although this

has not been tested with either HBV or WHV, evidence in

support of this possibility was found from a study of mixed

infections with wild-type DHBV and a preCore (eAg)

negative mutant of DHBV [61]. Thus, the concept of

immune selection and clonal expansion at least seems

plausible according to the above considerations.

Summary

Even a slightly higher rate of killing of hepatocytes

expressing wild type HBV as opposed to hepatocytes

expressing only HBeAg (-) HBV provides a simple

explanation for the emergence of the mutant as the pre-

dominant virus in the liver. The time until emergence is

also determined by the absolute rates of hepatocyte killing.

Thus, even with the same differential death rate, the mutant

may never emerge in some patients because the total rate of

hepatocyte turnover is too low, whereas in others, it may

fail to emerge because CTLs do not distinguish between

hepatocytes infected with wild-type and mutant HBV. In

contrast to an immune selection model, models based on

the forward mutation rate, acute flares, superinfection, and

a higher replication rate of the mutant do not appear to

provide a self-consistent explanation of the available data.

Discussion

The purpose of this modeling exercise was to find out if our

current understanding of chronic hepadnavirus infections

would provide an explanation for emergence of virus-free

hepatocytes and of HBeAg (-) HBV. Interestingly, both

outcomes were predicted by the computational models as

the expected consequence of immune selection against

virus-infected hepatocytes. Our expectation at the start was

that immune selection would explain emergence of virus-

free hepatocytes, but that it would not be able to explain

emergence of HBeAg (-) HBV. This turned out to be

incorrect. Given a slight survival advantage, the ultimate

emergence of HBeAg (-) HBV could in large part be due

to immune selection and clonal expansion of hepatocytes

infected by this mutant.

While these explanations are consistent with the data, it

is clear that we do not know enough about chronic infec-

tions to eliminate alternative explanations. For instance,

does HBeAg (-) HBV replicate at a lower efficiency than

wild-type HBV, or vice versa [54]? Does cccDNA survive

mitosis or do hepatocytes have to be reinfected after passing

through mitosis? How efficient is superinfection? Do flares

of acute hepatitis play a critical role in the emergence of

mutants? If so, how? Does differentiation of uninfected

progenitor cells make a more significant contribution to

hepatocyte replacement than currently appreciated, a pos-

sibility that, as in the model in Fig. 4b, could make a

significant contribution to emergence of mutant viruses? At

present, the best we can say is that if the mutant replicated

more efficiently than wild type and if cccDNA were either

lost at mitosis or if superinfection were an efficient process,

the mutant would quickly become dominant over wild type

(Figs. 5, 6). Since this is not the case, at least one of these

Fig. 7 Effect of small differences in hepatocyte killing by antiviral

CTLs on emergence of HBeAg (-) HBV. The program liverfix,

described in the legend to Fig. 3, was used to calculate the effects of

small differences in death rates on emergence of clones of hepato-

cytes infected with HBeAg (-) HBV (without coinfecting wild-type

HBV). Hepatocytes infected with wild type were assumed to be killed

at a rate of 1% per day (kwt = 0.01), and hepatocytes infected with

the mutant at a slightly lower rates, kmut, as indicated in the figure

legend
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assumptions and perhaps more must be incorrect. It is likely

that these issues will ultimately be clarified as more is

learned about immune killing of infected hepatocytes, in

vivo rates of virus replication, cccDNA survival during

mitosis and in response to antiviral cytokines, and the

efficiency of superinfection. Attempts to address some of

these issues have already been made in animal models of

HBV infection. For instance, Zhang and Summers [62]

found that competition between DHBV strains with dif-

ferent replication rates essentially stops once the liver is

fully infected, suggesting that superinfection is probably

inefficient, a conclusion that could now be further tested

through analysis of the cccDNA content of individual

nuclei [57].

The models also have features that may have important

implications for how liver disease progresses to hepato-

cellular carcinoma (HCC). In both examples, CTL killing

would give rise to selective clonal expansion of a subset of

hepatocytes. Thus, hepatocytes that were infected with

HBeAg (-) HBV, or had lost the ability to support HBV

infection, could undergo immune selection and extensive

clonal expansion. If these hepatocytes also had pre-neo-

plastic mutations, they might ultimately give rise to liver

tumors. In contrast, hepatocytes infected with wild-type

HBV would not undergo as rapid a clonal expansion;

however, as a result of random killing, some survivors

would expand clonally, whereas other lineages would be

lost. Interestingly, most tumors and FAH appear unable to

support virus replication, suggesting that it is the immune

selection for virus-free hepatocytes that is usually associ-

ated with the progression to HCC. This would make some

sense since pre-neoplastic lesions that did not support virus

replication would, by evading antiviral CTL, have a con-

siderable evolutionary advantage.

Whether the clonal expansion predicted by the models

occurs is currently unknown. Evidence for an extensive

clonal expansion of hepatocytes has been obtained in

woodchucks chronically infected with WHV [46], but this

study, which relied on integrated virus DNA as a marker of

hepatocyte lineages, did not correlate the clones with any

histologic marker. Thus, the cause of this clonal expansion

is unknown. Could virus infection per se be responsible? It

is difficult to see how, in a massively infected liver,

selective expansion of a subset of hepatocytes could be

attributed to the activity of a normal virus protein, which

would be present in all infected hepatocytes, not just a

subpopulation. Thus, immune selection as the mechanism

of clonal expansion of hepatocytes rather than an enhanced

rate of hepatocyte proliferation induced by virus proteins at

present remains the most attractive hypothesis.
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