Chapter 6
Hepatitis B Virus: Persistence and Clearance

Christoph Seeger, Samuel Litwin, and William S. Mason

Introduction

Hepatitis B virus (HBV) has the ability to persistently infect hepatocytes, which
constitute about 70 % of the cells in the normal liver. An adult liver contains about
5x 10" hepatocytes, of which the vast majority are HBV susceptible. Persistence is
probably due to the fact that productive infection (Fig. 6.1), per se, is not cytopathic.
That is, infection in the absence of an adaptive immune response does not percepti-
bly accelerate hepatocyte death. In addition, the hepatocyte population has a low
rate of spontaneous turnover and covalently closed circular viral DNA (cccDNA),
the viral transcriptional template, appears to be highly stable in nondividing hepato-
cytes [1], in addition to being present at up to 50 copies per cell. There is evidence
that cccDNA may be lost during cell division, as well as evidence that it survives
[2—4]; thus, the findings remain controversial.

In the first weeks after infection, HBV can spread through the entire hepatocyte
population, often without an apparent induction of innate immunity or an inflamma-
tory response (hepatitis). Despite a long delay, often of six or more weeks, the
immune system may eventually activate and clear the virus, without destroying the
liver in the process. About 95 % of adults recover following HBV infection. In
infants and young children the anti-HBV immune response appears to be less vigor-
ous; >90 % of infants under a year of age become chronically infected [5].

HBV clearance is generally associated with an acute inflammatory immune
response that destroys large numbers of hepatocytes over a period of a few weeks,
and then abates. Residual virus may remain, but its replication is inhibited by the
immune system. Thus, subsequent immune suppression can lead to virus reactiva-
tion [6, 7]. Antibodies to the hepatitis B surface antigens (HBsAg) present in the
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Fig. 6.1 Cellular life cycle of HBV. The figure shows a model for the life cycle of hepadnaviruses
(adapted from ref. [72]; for a detailed description see ref. [72]). Briefly, RNA and DNA containing
capsids are shown in magenta and blue, respectively. Envelope proteins are shown in yellow. Upon
infection mediated by the entry receptor, NTCP, viral capsids are transported to the nucleus. About
90 % of virus has relaxed circular (rc) DNA, which is converted to covalently closed circular DNA
(cccDNA). cccDNA does not undergo semiconservative DNA synthesis. Early in infection, when
envelope protein concentrations are low, newly made nucleocapsids, with their enclosed viral
DNA, are transported to the nucleus to amplify cccDNA copy. When sufficient envelope is present,
nucleocapsids are directed to the secretory pathway and cccDNA amplification ceases. About 10
% of virus has a double stranded linear (dsl) DNA genome as a result of an error in viral DNA
replication. These viruses can also infect hepatocytes. cccDNA is formed from ds] DNA by non-
homologous recombination, resulting in a loss of sequences and, generally, rendering this cccDNA
unable to support virus replication. Dsl DNA may also integrate into host DNA via nonhomolo-
gous recombination; this pathway does not appear to have a role in the virus life cycle, but occurs
nonetheless. Even during transient infections, 0.01-0.1 % of hepatocytes may acquire integrated
viral DNA
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viral envelope proteins appear to be an important component of long-term protection
against virus rebound, which is also associated with antiviral CTLs that persist in
the circulation [8]. For those who do not resolve a productive infection, chronic
liver disease often develops, driven to a major degree by the antiviral CTLs.

A hallmark of HBV infection of hepatocytes is that the target population may be
entirely self-renewing. In addition, studies with animal models of HBV infection
suggest that virus spreads into daughter cells as hepatocytes divide to compensate
for death of other hepatocytes [3, 4]. Indeed, it is still unclear if there is a significant
role for extracellular spread of virus to maintain infection once the liver is fully
infected, or if persistence is maintained primarily by distribution of virus DNA to
daughter cells.

In normal human liver, about 0.05 % of hepatocytes are in S phase, which
provides a minimum estimate of liver turnover [9]. This rate may be much higher in
chronic infection. For instance, in woodchucks chronically infected with wood-
chuck hepatitis virus (WHV), the hepatocyte turnover rate appears to be increased
by ~tenfold, again by scoring S phase hepatocytes [10]. This enhanced turnover is
thought to be immune mediated; for instance, it is not found during transient infec-
tions of woodchucks or chimpanzees, prior to the infiltration of inflammatory cells
into the liver [11, 12]. The turnover rate during transient infections is elevated dur-
ing the inflammatory response [12, 13].

Elevated turnover during decades of chronic infection has led to the idea that
hepatocytes become increasingly senescent and, as a result, less able to contribute
to liver maintenance as the disease progresses. Thus, it was thought that while hepa-
tocyte replacement by division of mature hepatocytes declined due to senescence, it
was compensated by emergence of oval cells, putative hepatocyte progenitor cells
that differentiated into new hepatocytes [14]. This concept had been supported by
studies of chemical carcinogenesis in the rat. These studies had suggested that under
conditions of hepatocyte injury with agents that also inhibited hepatocyte prolifera-
tion, progenitor/stem cells present near the portal triad (e.g., Canals of Hering and
bile ductules) gave rise to a proliferating population of oval cells that eventually
differentiated into mature hepatocytes to maintain liver size and function [15, 16].
An important implication was that hepatocyte replacement during chronic HBV
infection might become increasingly dependent upon a specialized progenitor/stem
cell compartment.

However, recent studies suggest that the concepts of hepatocyte senescence and
replacement from specialized hepatocyte stem/progenitor cells may be more com-
plicated. First, in serial transplantation studies in mice, using either mouse or human
hepatocytes, both normal hepatocytes, and hepatocytes with markers of senescence,
were found to enter the cell cycle and contribute to maintenance of liver mass [17].
Second, studies using hepatocyte transplantation to distinguish resident cells from
transplanted cells suggested that hepatocyte regeneration, during times of stress
leading to oval cell proliferation, still depended, as in the healthy liver, upon the
mature hepatocyte population [18, 19]. A recent tweak on this observation sug-
gested that oval cells can contribute to hepatocyte replacement in times of stress, but
that these oval cells are formed from the mature hepatocytes, not in a specialized
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stem/progenitor cell compartment [20]. Dedifferentiation of mature hepatocytes to
an oval cell phase may allow their temporary escape from an environment that
inhibits proliferation of mature hepatocytes, providing an efficient pathway for
hepatocyte replacement. Finally, subsequent findings failed to support the evidence
that progenitor cells in the bone marrow contribute to hepatocyte replacement
[21, 22]. This notion came from the observation that genetically tagged bone mar-
row cells appeared to migrate to the liver to form hepatocytes, but this now seems
due to marker transfer as a result of cell fusion with hepatocytes [23].

In brief, it appears that virus persistence vs. clearance needs to be understood in
the context of a target cell population that may be entirely self-renewing. This raises
major questions about the mechanisms for immune clearance of HBV from the fully
infected liver and the consequences of persistent immune pressure upon the hepato-
cyte population in the chronically infected liver. However, it may also rationalize a
large body of data that suggest that HCC originates from hepatocytes and not a
specialized progenitor cell compartment.

Transient Infection

As noted above, the persistence of HBV is believed to be aided by the stability of
cccDNA in the nucleus of infected hepatocytes. Experiments with primary hepato-
cyte cultures prepared from woodchucks and infected with WHYV indicated that
cccDNA is stable in nondividing hepatocytes [1] as well as in hepatocytes that have
been induced to divide [24]. In contrast, there is a lack of consensus on whether
cccDNA survives mitosis in vivo [2—4], and how cccDNA responds to antiviral
cytokines [25, 26].

During resolution of transient hepadnavirus infection, killing of infected hepato-
cytes is due to the cell-mediated adaptive immune response. This response is accom-
panied by the expression of cytokines including IFNy and TNFa, that can change
the physiological status of infected hepatocytes and lead to loss of virus DNA rep-
lication intermediates from the cytoplasm (Fig. 6.1), which appears to occur before
loss of cccDNA [12]. The key question is what contributes to the subsequent loss of
cccDNA? Is cccDNA loss entirely due to cell death? If so, how are uninfected hepa-
tocytes generated? Is it that cccDNA does not survive mitosis, so that infected hepa-
tocytes that divide, to compensate for the death of other infected hepatocytes, are
cured? Or is elimination of cccDNA the result of dilution, requiring that hepatocytes
pass though multiple rounds of mitosis to eliminate all the cccDNA copies that were
present in the parent cell. Finally, does the inflammatory response activate cellular
mechanisms that cause cccDNA destruction or contribute to the observed loss of
cccDNA, perhaps during cell division or even in the absence of cell division?

The past 30 years have witnessed efforts to gain insights into the mechanisms
that control clearance of HBV from infected livers, as it is observed during transient
transfection in human patients, as well as in experimentally infected chimpanzees,
woodchucks and ducks. The goal has been to establish a time line for the dynamics
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of viral and immunological markers during the course of transient infections. While
there is large variation between individual patients and experimental animals, the
following pattern is common to most transient infections, as shown in mammalian
hosts. The clearance phase can last several weeks and is accompanied by the activa-
tion of an adaptive immune response manifested by an influx of CD4* and CD8* T
lymphocytes into the liver parenchyma, expression of IFNy, TNFa and other cyto-
kines, and by an increased rate of hepatocyte death. During the same time period,
cytoplasmic rcDNA and nuclear cccDNA levels decline and become undetectable.
Clearance of the virus from the infected liver will occur even when all hepatocytes
have been infected, as determined by immunohistochemistry and/or in situ hybrid-
ization for viral antigens and nucleic acids, respectively [12, 27, 28]. Protective
antibodies against the surface antigen become detectable during or following the
clearance phase.

Observations in human patients are generally limited to analyses of blood sam-
ples for the presence of reactive T-cells, serological markers and enzymatic assays
to determine hepatocyte cell death. These studies revealed the presence of IFNy-
producing CD4* and CD8" T cells that proliferate in vitro upon stimulation with
HB V-specific peptides. Consistent with a role of CD8* CTLs and the presence of an
inflammatory response against infected hepatocytes, serum ALT levels are elevated
during the clearance phase. These observations provided the basis for a model
where a combination of hepatocyte killing and regeneration and inflammatory cyto-
kines are responsible for the natural cure of an HBV infection. However, due to the
lack of available human liver biopsy tissue, these studies did not provide any direct
information about the fraction of infected hepatocytes, the extent of liver damage or
the exact sequence of events that leads to clearance.

The duck and woodchuck model for HBV infections permitted a more detailed
study of transient infection, and collection of liver tissue biopsies at regular inter-
vals during the recovery phase, to establish that recovery could occur even after all
hepatocytes were infected [27-29]; that is, that full infection of the hepatocyte pop-
ulation did not of necessity lead to chronicity (for technical reasons, full infection
means >95 %, beyond which uninfected cells would be virtually impossible to
detect even if present). However, a major limitation of these models was the lack of
commercially available reagents to follow the course of the immune response. This
handicap was partially overcome with the cloning of woodchuck genes coding for
the major T cell markers as well as IFNy and TNFa.

The observation that recovery could occur after apparent infection of the entire
hepatocyte population raised the question about the origin of hepatocytes in the
recovered liver. Do they really arise from infected hepatocytes, as suggested above
and consistent with the notion of a self-contained hepatocyte population, or do they
arise from a progenitor/stem cell compartment? Studies of more than 20 wood-
chucks revealed that the time for recovery as well as the extent of liver damage
varies among animals [11, 28-30], and can begin as early as 2-3 weeks post infec-
tion, though generally later. The fraction of apoptotic hepatocytes observed in liver
biopsies ranged from less than 1 % up to 10 % of the hepatocyte population. While
the results from these studies were consistent with a model where killing of
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hepatocytes played a major role during clearance, they did not reveal the cumulative
killing of hepatocyte during the resolution of an infection or identify the origin of
virus-free hepatocytes.

An experimental strategy, taking advantage of the occasional integration of viral
DNA into chromosomal DNA, provided a solution to both of these problems, the
amount of hepatocyte destruction and the origin of uninfected hepatocytes [13].
Integration is a byproduct of hepadnavirus infection (Fig. 6.1) and, as such, not
required for the viral life cycle. However, an analysis of the complexity and abun-
dance of the viral-cell DNA junctions can be used to determine the fate of hepato-
cytes during recovery. The first observation was that the fraction of hepatocytes with
integrated WHV DNA remains roughly constant during infection and in the recov-
ered liver. This indicated that a large fraction of recovered hepatocytes were derived
from infected hepatocytes, consistent with the idea that progenitor/stem cells do not
play a major role in maintenance of the hepatocyte population.

These studies also provided an estimate of the amount of hepatocyte death dur-
ing virus clearance. Since integration occurs at random sites in host DNA, the com-
plexity of the collection of integration sites will remain at 1.0 unless these
hepatocytes divide (complexity = (unique integration sites)/(total integration sites)).
In fact, the complexity was much lower in recovered woodchucks, ~0.5 rather than
1.0, indicating that initially infected hepatocytes divided to fill in the space created
by hepatocyte killing. Thus, the second major result of this experimental approach
was an estimate that cumulative hepatocyte turnover equaled or exceeded 0.7 com-
plete livers [11, 13].

These data, indicating that cured hepatocytes can be derived from infected ones,
are again consistent with the more recent evidence that hepatocyte renewal occurs
primarily from the hepatocyte population, not from a specialized stem/progenitor
cell compartment [20, 31]. Thus, to explain recovery, there must be a mechanism for
curing hepatocytes of HBV infection. A major gap in knowledge concerns, obvi-
ously, the mechanisms responsible for the loss of cccDNA. In particular, does a cure
depend on the action of cytokines to destroy cccDNA or to increase loss of cccDNA
during cell division? The notion that cytokines could play an important role in the
clearance of HBV was derived from experiments with transgenic mice expressing
HBV. In this system, IFNy and TNFa, for instance, caused the rapid clearance of
cytoplasmic DNA replication intermediates [32]. However, a major limitation of the
HBYV transgenic mouse model is that cccDNA is not formed.

Similar to those described in woodchucks, experiments were also conducted
with a small number of HBV infected chimpanzees. The observations made with
the primate model expanded upon results with the woodchuck model, especially as
many more reagents were available to assess the host response to the infection [12].
Mathematical modeling of the declines in viral markers in the chimpanzee experi-
ments suggested that non-cytolytic clearance of cccDNA due to action of antiviral
cytokines (i.e., a mechanism in which cccDNA is eliminated even from nondividing
hepatocytes) played a significant role in virus clearance [33].

In contrast, mathematical modeling of data from the woodchuck, this time
focused on the amount of hepatocyte turnover during recovery, suggested that there
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is enough hepatocyte turnover to explain cccDNA clearance, provided (a) new
cccDNA formation from DNA replication intermediates is blocked (Fig. 6.1) and
(b) existing cccDNA is lost during cell division [11]. This modeling did not invoke
non-cytolytic clearance of cccDNA from nondividing hepatocytes.

While the concept of cccDNA loss during cell division seemed at odds with
apparent cccDNA survival through cell division (e.g., during treatment of chroni-
cally WHV-infected woodchucks with an antiviral nucleoside analog (NA) [3], or in
primary woodchuck hepatocyte cultures induced to divide [24]), a recent study with
the duck model calls this conclusion into question. This study raised the possibility
that NA inhibition of viral DNA synthesis may be incomplete when hepatocytes are
dividing [4], allowing new cccDNA formation in dividing cells, a process presum-
ably prevented during immune clearance.

However, interpretations of results from in vivo experiments to immune recovery
have to be considered with caution, particularly because analysis of the results
depended, ultimately, upon assumptions about the fate of cccDNA in nondividing
hepatocytes in the presence of antiviral cytokines. Is it completely stable, or can it
really be destabilized by antiviral cytokines? This is a particularly difficult question
to approach in vivo because of the large amount of cell death during recovery from
transient infections, as well as the inherent problem in obtaining adequate numbers
of liver biopsy samples for precise analyses.

How can the information currently available from experimentally infected ani-
mals be interpreted and incorporated into a model for the mechanisms responsible
for the cure of a transient HBV infection? In consideration of all the available data
from woodchucks and chimpanzee, we envision the following model for the resolu-
tion of transient infections, which reflects our own bias that cccDNA is refractory to
degradation in nondividing cells. Significant revision of this view will of course be
necessary if support is obtained for recent evidence that cytokines destabilize
cccDNA by APOBEC deamination of cytosine, followed by depurination and deg-
radation by cellular nucleases [25]. To date, we have not found evidence that
APOBEC editing of cccDNA is frequent enough to explain its non-cytolytic loss
during resolution of transient infections (C. Seeger, unpublished observations).

In brief, infected hepatocytes are recognized by the immune system resulting in
an influx of CD4* and CD8* T cells, activation of various other inflammatory cells,
and production of IFNy and TNFa. Second, the presence of cytokines in the liver
parenchyma leads to an inhibition of HBV replication and elimination of viral
DNA replication intermediates from infected cells [12], preventing new cccDNA
synthesis. Third, CD8* CTLs kill infected hepatocytes. Fourth, infected hepato-
cytes that have lost replicative intermediates, due to cytokines exposure, divide to
replace killed hepatocytes and in the process loose cccDNA, resulting in a new
population of “cured” hepatocytes. How cured hepatocytes are protected from
immediate reinfection cannot be predicted based on the experimental data. It is
conceivable that a combination of events is required. They include, besides a lack
of HBV production due to inhibition of viral replication, reduced susceptibility of
hepatocytes to de novo infection. This might occur via induction of an antiviral
state by cytokines expressed by monocytes and T cells. Whether antibodies against
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viral envelope proteins play a role during these early steps of recovery is doubtful,
because anti-HBsAg antibodies often appear weeks after viral DNA becomes unde-
tectable [28, 29].

HBY Persistence During Chronic Infection

Chronic infection, typically acquired in early childhood, may proceed through a
number of phases, including a prolonged immune tolerant phase, a clearance phase,
a quiescent immune control phase, and sometimes, a virus rebound phase [34, 35].

The immune tolerant phase is so named because patients in this phase, which
may last several decades, will, by definition, have high serum virus titers of 10° per
ml or more, and normal ALTs. Where liver biopsies are available, these patients
should also have little or no evidence of fibrosis or hepatic inflammation. It should
be noted, however, that normal ATLs do not necessary indicate immune tolerance
and, at least for some patients, this stage may be misdiagnosed in the absence of a
liver biopsy [35-38].

The immune tolerant phase may progress to an immune clearance phase, which
has many of the hallmarks of recovery from transient infections, except that it may
be more prolonged and involve multiple cycles of partial virus clearance and
rebound [39]. Optimally this leads to immune control of the infection, with virus
titers often <10* per ml, and often at lower levels (e.g., <10? per ml). HBsAg titers
in the circulation may also be lowered, but not nearly as much as virus titers [40].
The reason HBsAg is more refractory to immune control mechanisms than virus
production is unclear. One source of HBsAg production during the immune control
phase may be integrated HBV DNA, which is probably present in 1-10 % or more
of hepatocytes by this time. Importantly, liver disease may progress during the
immune control phase, especially if virus titers exceed 10° per ml [35], probably
because immune control of virus replication is incomplete, at least in this situation,
so that elevated hepatocyte destruction persists. A more complete loss of control can
lead to a severe exacerbation of liver disease [0, 34].

Unfortunately, progression through the immune clearance phase and into the
immune control phase is often accompanied by a high incidence of cirrhosis. The
risk of HCC in these patients is high, up to 20-30 % or more, especially in those that
do not achieve full control of HBV replication [35]. Antiviral therapy with NAs dur-
ing the immune clearance and immune control phase will reduce the short-term
(e.g., 5-year) incidence of HCC ~fivefold, especially in patients with advanced liver
disease, less so in patients with less advanced disease and, therefore, a lower short
term HCC risk [41]. NA therapy can also lead to some reversal of fibrosis and cir-
rhosis [42, 43], probably by facilitating progression to and/or replacement of
infected by uninfected cells, thereby causing a quantitative reduction in hepatocyte
killing. It is not yet known if beginning NA therapy even earlier, during the immune
tolerant phase, would have a greater impact on HCC incidence. The effect on HCC
risk beyond that achieved by starting NA therapy during later stages of infection
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remains to be determined [41]. It seems likely, based on existing data [43], that
initiating therapy during the immune tolerance phase would prevent cirrhosis.
Cirrhosis may increase the risk of HCC.

In the following sections, we focus on virus persistence, with emphasis on its
effects on the hepatocyte population that may influence the progression of chronic
hepatitis B (CHB), and contribute to the cancer risk and might, at least based on
present knowledge, be mitigated by earlier initiation of antiviral therapy. The
emphasis is on the effects of turnover in a closed population, in which dying hepa-
tocytes are ultimately replaced by division of existing hepatocytes. Cirrhosis is not
discussed explicitly, though it presumably exacerbates effects that occur in its
absence, by providing strong pressure for clonal expansion of rare hepatocytes that
are able to survive in the toxic environment of cirrhotic nodules, in which normal
blood flow, lobular structure, etc. are impaired. More detailed information on
immune control of virus replication, including the possible role of methylation of
cccDNA, is discussed in Chap. 4.

Hepatocyte Evolution and Chronic Infection

If the hepatocyte population is closed, as indicated by recent data, even random
death of some hepatocytes will lead to clonal expansion of others (including those
with initiating mutations that may contribute, ultimately, to neoplasia). That is, in a
closed population, some hepatocyte lineages will be lost over time due to random
cell death and division, as others divide to maintain liver mass. The larger a lineages
becomes (clone size), the lower its risk of being eliminated by random destruction.
In comparison, lineages with only one or a few cells would be at greater risk of
elimination. In effect, if a hepatocyte does not die early, there is a possibility that it
will be able to clonally expand nonselectively, simply due to natural processes.
Clonal expansion would be aided if the hepatocyte had a survival or growth advan-
tage as a result of mutational or stable epigenetic changes. Subsequent changes
could enhance its rate of clonal expansion even more, facilitating a progression
towards neoplasia.

Cirrhotic nodules may show extensive clonality, as suggested above [44-50]. But
what is the evidence that clonally expanded hepatocytes exist in the “non-cirrhotic
liver”? And is clone size in the non-cirrhotic liver compatible with an origin via
random death and division?

First, during chronic infection the emergence of foci of virus negative hepato-
cytes occurs in the non-cirrhotic liver, even in the presence of high titer viremia, as
illustrated for example in a study of chronically infected chimpanzees [51] and, to a
lesser extent, woodchucks [52]. Second, clonal expansion of hepatocytes has been
detected by using randomly integrated viral DNA as a hepatocyte lineage marker.
These assays have detected clones of up to 60,000 hepatocytes in older non-cirrhotic
human carriers. This is much larger than expected from random death and
regeneration (see below), implying that these cells had either a survival advantage,
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growth advantage, or both [53, 54]. Even in immune tolerant carriers under the age
of 30, unexpectedly large hepatocyte clones have been detected (Kennedy, Bertoletti,
Mason, unpublished observations). In addition, early studies of HBV infection pro-
vide clear evidence that in long-term carriers many hepatocytes are not productively
infected (e.g., [55, 56]). Second, Su and colleagues have reported on focal expan-
sion of ground glass hepatocytes expressing variant HBsAg that has lost immune-
dominant epitopes due to deletion mutations [57]. Thus, one likely basis for clonal
expansion is failure to support HBV replication, so that cells are no longer targeted
by antiviral CTLs. Another is loss of virus epitopes by deletion or mutation. Another
might be failure to present viral antigens to antiviral CTLs.

It should be noted, however, that while large numbers of virus negative hepato-
cytes that may also be HBV resistant arise during the course of chronic infections,
this progression does not appear to lead to the immune control stage of chronic
hepatitis. The data are more consistent with the current notion that the low level of
infection during the immune control stage reflects, predominately, immune control
of HBV replication, since immune suppression can lead to reemergence of the virus
and acute liver disease [6]. Possible effectors of the immune control of HBV repli-
cation are discussed in Chap. 4.

In any case, an obvious concern is that extensive clonal expansion of hepato-
cytes, especially in an environment predisposing to DNA damage, may be an HCC
risk factor. It is noteworthy that clonal hepatocyte expansion leading to liver repopu-
lation and survival is seen in genetic diseases in response to host gene mutations that
are toxic to hepatocytes (e.g., alpha-1-antitrypsin deficiency [58]). Repopulation
involves hepatocytes with secondary mutations that bypass the toxicity. These
patients have an elevated risk of HCC [59]. As in HBV patients, the mechanistic
basis for the elevated HCC risk is unknown. It is interesting, though perhaps coinci-
dental, that preneoplastic lesions and HCCs often appear to be resistant to HBV (or,
in the woodchuck, WHYV) infection [52, 60-64].

Liver cancer is thought to progress through stages of initiation, promotion, and
progression [65]. Initiation would be a mutation or epigenetic change that is stably
inherited by daughter hepatocytes and gives them a growth or survival advantage.
Promotion involves the proliferation of the altered cell population (s). In the context
of chemical carcinogenesis, for example, this is typically due to the ability of rare
initiated hepatocytes to escape deleterious, growth inhibitory effects an initiating
agent has on growth of the bulk of the hepatocyte population. Progression involves
the subsequent changes that convert cells in initiated lineages to cancer cells.
Possible initiation and progression events during chronic HBV infection would
include viral DNA integration, excess mutations due to inhibition of DNA nucleo-
tide excision repair by HBx [66, 67] and oxidative DNA damage, which may be due
in part to the action of viral proteins including HBsAg and HBx [68]. Promotion in
the context of HBV infection could, in theory, be either selective or nonselective,
and likely coexists with progression. The analyses below suggest that promotion in
HBYV carriers is more likely selective than nonselective. Possible selective advan-
tages could be due to hepatocyte mutations/epigenetic changes that either prevent
HBYV infection/replication or inhibit presentation of viral antigens to antiviral CTLs,
in either case facilitating immune evasion.
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Mathematical Modeling of Hepatocyte Dynamics

To illustrate the possible dynamics of clonal hepatocyte repopulation in an HBV
patient, we have made some calculations based on estimated rates of hepatocyte
turnover in the normal and chronically infected liver. We have based these simula-
tions on a liver specimen size of one million hepatocytes, which reflected a practical
computational limit using PCs. (Because the computer program (comp10, Ref. 51)
employs a stochastic model, every run gives similar but not the exact same results.
In what follows, we show results of single runs). Specifically, we first considered a
scenario for expansion of hepatocytes with no survival or growth advantage. We
then considered hepatocytes with survival advantages over the remainder of the
hepatocyte population due to evasion from antiviral CTLs. Finally, we considered
the effect on clonal hepatocyte repopulation if hepatocytes that can evade antiviral
CTLs also have a slightly enhanced growth response; that is, they are more likely to
divide to replace dying hepatocytes. For instance, studies with heterologous systems
have suggested that HBV infection may retard progression of hepatocytes through
the cell cycle (e.g., [69]). Initiated hepatocytes that did not support HBV expression
would not be subject to this theoretical effect.

It has been reported that 0.05 % of hepatocytes are in S phase at any given time
in the normal adult liver [9]. For the purpose of modeling, we assume that the rate
of hepatocyte turnover is about three times higher (assuming S phase is about 8 h).
This would give a daily turnover rate constant of 0.0015 (0.15 %) in normal liver.
We also assume for the purpose of discussion that elevated hepatocyte turnover due
to CTL killing usually begins in teenagers [36—38] and that, prior to this, the genetic
complexity of the liver is 1; that is, all hepatocytes are uniquely tagged (for the pur-
pose of modeling) but do not contain any deleterious mutations resulting, for
instance, from oxidative DNA damage to hepatocytes due to antiviral immune
responses. Thus, we only consider events that occur from this time on to expand
individual hepatocyte lineages to reduce the complexity of the liver and, occasion-
ally, lead to the emergence of clones with mutations that may predispose to subse-
quent neoplastic progression.

Effect of Random Death and Regeneration on Complexity
and Clonal Expansion in the Hepatocyte Population

We first illustrate a scenario for immune-tolerant patients with neither immune pres-
sure on the hepatocyte population, nor initiating events in hepatocytes that provide
a survival or growth advantage. In this model, the daily rate constant for turnover of
the hepatocyte population was 0.15 % (0.15 % of hepatocytes die every day), char-
acteristic of healthy liver [9]. Under these conditions, about 0.55 livers worth of
hepatocytes would die and be replaced by surviving hepatocytes every year. This
rate of turnover, if due to random hepatocyte death and compensating division,
would reduce the genetic complexity of the liver about ~12-fold after 20 years and
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Fig. 6.2 Effects of death and division on the complexity of the hepatocyte population. Changes in
complexity were calculated using a computer program, comp10 [51] (available upon request). This
program tracks the individual fate of an array of one million hepatocytes during daily cycles of
killing and division to maintain liver mass. At the start, hepatocytes are designated as either
infected or uninfected. Uninfected and infected hepatocytes can have different daily death rates,
which are considered here to be first order (i.e., of the form dN/dr=kN(¢), where N is the number
of infected or uninfected hepatocytes at time 7). Output includes the hepatocyte clone size distribu-
tion and complexity ((distinct hepatocyte lineages at time #)/(lineages at time zero (one million))
of the hepatocyte population (assuming a complexity of 1 at time 0). In the first three scenarios
shown here, all hepatocytes are assumed to be infected and dying with a rate constant ki=0.0005,
0.0015, or 0.015 (i.e., 0.05,0.15, and 1.5 % per day). In the next two scenarios, the liver is assumed
to contain 0.01 % hepatocytes at =0 that are resistant to CTL killing and die at with a background
rate constant kr=0.0015. Typical infected hepatocytes are assumed to die with ki=0.015 or
ki=0.003

~30-fold after 50 years (Fig. 6.2). Thus, for immune tolerant HBV carriers as well
as healthy individuals in their 30s, about the time the HCC incidence begins to rise,
maximum hepatocyte clone sizes should still be relatively small, mostly less than
100 hepatocytes (Fig. 6.3a). If the daily turnover rate was tenfold higher in immune
tolerant patients (i.e., if they were not truly immune tolerant), the complexity would
be reduced ~100-fold fold after 20 years and ~300-fold after 50 years (Fig. 6.2), and
the maximum clone size after 20 years would be larger, but <1500 (Fig. 6.3b). These
clone sizes, predicted by random death and regeneration, do not explain the larger
clone sizes observed in chronically infected woodchucks, chimpanzees and humans
[51, 53, 70]. While it would be possible to achieve larger clones sizes by presuming
extraordinarily high rates of random death and regeneration (e.g., see Ref. 51), in
what follows, we point out that this is much more readily achieved even for low
rates of turnover by assuming clones are composed of hepatocytes with a selective
advantage.
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Fig. 6.3 Effects of random death and regeneration on clone size distribution of the hepatocyte
population. All hepatocytes were assumed to be infected and die with a rate constant of ki=0.0015
(panel a) or ki=0.015 (panel b) (0.15 or 1.5 % per day). Clone size distribution is the fraction of
the liver of one million cells that is comprised of clones of the sizes indicated on the abscissa (log
scale). The effects on complexity are shown in Fig. 6.2

Clonal Expansion of Hepatocytes that are Resistant
to CTL Killing

To illustrate the effect of even a small survival advantage on complexity and clonal
hepatocyte expansion, we assumed that typical infected hepatocytes were killed at
twice background (0.3 % per day), and that, initially, 1/10,000 hepatocytes had a
survival advantage (i.e., due to evasion of CTL killing), dying at the background
rate (0.15 % per day). (Note that we are referring to first order rate constants, so the
number of cells killed every day will be the indicated percentage of cells in each
population.) As illustrated in Fig. 6.2, between 20 and 30 years, a precipitous
increase in the rate of complexity loss takes place; this occurs because starting at
about 20 years, infected hepatocytes with the higher turnover rate constant are pri-
marily replaced by hepatocytes which evade CTL killing. After either 20 or 30
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years, the effect on clone size is dramatic. By 20 years, ~80-90 % of hepatocytes
will have a resistant phenotype, dying at the background rate of 0.015 % per
day, and these resistant hepatocytes will be in clones up to ~75,000 cells in size
(Fig. 6.4b). The loss of complexity is mainly in the infected cell population; after 20
years, half of the original clones of resistant cells remain (clone size ~2,500-50,000),
vs. only a few percent of the original infected clones (clone size ~1-50). This trend
does not appreciably change after 30 years (Fig. 6.4c), with <1 % of the original
infected cell clones remaining, again vs. half of the resistant clones. For contrast,
very little happens in a short time of say, 2 years (Fig. 6.4a).

The effect on complexity and clonal expansion is even faster when typical
infected hepatocytes die at ten times the background death rate (1.5 % per day)
(Figs. 6.2 and 6.5). Again, a small fraction (1/10,000) of hepatocytes present, at the
start, are able to evade CTL killing, dying instead at a background rate of 0.15 % per
day. By 2 years, resistant cells will constitute 40 % of the hepatocyte population
with clones of 10,000—100,000 hepatocytes, suggesting that even a short period of
persistent hepatitis might have a dramatic impact on the hepatocyte population if
there are cells present in the liver that can evade antiviral CTLs. In this situation,
~90 % of the resistant clones remain (clone size ~40—40,000).

While we assume that hepatocytes that can evade antiviral CTLs are present
from time zero, they may, of course, arise later with the same result. We also realize
that there may be anatomic restrictions on clonal expansion of hepatocytes with a
normal growth response. These considerations point out that any stable heterogene-
ity in the hepatocyte population effecting death rates (e.g., resistance to antiviral
CTLs) could lead to significant hepatocyte repopulation, especially within the
hepatic lobule. This highlights the major implications of the reports that the hepato-
cyte population is self-renewing, even in hepatic disease [31], for selective expan-
sion of rare hepatocytes with a survival advantage. Essentially the same picture is
seen if the initial fraction of such cells is 1/100,000. These scenarios could explain
the larger clone sizes observed in chronically infected woodchucks, chimpanzees
and humans [51, 53, 70].

Effects of Enhanced Growth Rate on the Hepatocyte Population

We also considered the effect of an enhanced growth rate for clonal expansion of
rare hepatocytes that are able to evade antiviral CTLs. As in Fig. 6.4, we assumed
that typical infected cells were killed twice as fast as resistant cells. However, in
contrast to that model, we added a proviso that resistant cells were twice as likely to
respond to a signal to divide, to maintain liver mass. In the absence of this growth
advantage, clone sizes remain <2000 hepatocytes even after 10 years (Fig. 6.6a).
In contrast, if the resistant hepatocytes are also twice as likely to divide to maintain
liver mass, clones of 10,000—100,000 hepatocytes appear (Fig. 6.6b), resistant cells
constituting >90 % of the hepatocyte population. A selective growth advantage alone,
without a survival advantage, had similar effects on clonal expansion (Fig. 6.6¢)
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Fig. 6.4 Effects on clone size distribution when a minor population of hepatocytes is resistant to
CTL killing and dies at a background rate. 99.99 % of infected hepatocytes at time zero were
assumed to die with a rate constant of ki=0.003 (0.3 % per day). 0.01 % of the hepatocytes at time
zero were assumed to be resistant to CTL killing and to die with a background rate constant of
kr=0.0015. This lower turnover rate could be because the cells were resistant to infection or virus
gene expression, and/or failed to present virus antigens to antiviral CTLs. Panels (a), (b), and (c)
show the effects on clone size distribution after 2, 20, and 30 years, respectively. Effects on com-
plexity are shown in Fig. 6.2
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Fig. 6.5 Effects of a higher rate of killing of infected hepatocytes on the expansion of a minor
population of resistant hepatocytes. 99.99 % of hepatocytes at time zero were assumed to die with
a rate constant of ki=0.015, five times higher than in Fig. 6.4. 0.01 % of hepatocytes at time zero
were assumed to be resistant to CTL killing and to die at with a background rate constant
kr=0.0015. Panels (a), (b) and (c) show the hepatocyte clone size distribution after 1, 2 and 20
years, respectively. The effects on complexity are shown in Fig. 6.2

as a selective survival advantage with a growth advantage (Fig. 6.6b). Hepatocytes
with a growth advantage (Fig. 6.6¢) constitute ~70 % of the hepatocyte population
after 10 years. (The effect on clone size with a growth advantage alone is similar to
the scenario including a survival advantage because of the higher rate of hepatocyte
turnover throughout (0.3 % per day)).
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Fig. 6.6 Effects on clonal expansion of hepatocytes with growth and/or survival advantages. 99.99
% hepatocytes at time zero were assumed to die with a rate constant ki=0.03, twice background.
Panel (a): 0.01 % of hepatocytes at time zero were assumed to be resistant to CTL killing and to
die with a rate constant of kr=0.0015. All hepatocytes were assumed to have the same probability
of dividing to maintain liver mass. Panel (b): As in panel (a), but resistant hepatocytes were assume
to divide with twice the rate constant as the remaining hepatocytes. In this scenario, cells are
selected individually and at random to divide, but on each call, a resistant hepatocyte will divide,
whereas the remainder has only a 50 % chance of dividing. If not selected, another hepatocyte
(either resistant or not) is selected at random and the process repeated until a cell divides. Panel (c):
As in panel (b), except all hepatocytes die with the same rate constant, ki=kr=0.003, twice the
background rate of normal liver (see text)
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In summary, the biology of the liver as currently understood is conducive to a
scenario in which HBV infection promotes clonal expansion of a subset of hepato-
cytes which have resistance to immune killing, and therefore a greater risk of pro-
gressing to HCC, especially if additional changes are acquired that also facilitate
neoplastic progression. Based on appearance of foci of virus negative hepatocytes
during the course of infection, we assume many of these hepatocytes achieve CTL
escape via resistance to HBV. It is important to note that damages that promote
survival or growth will be cumulative in a closed population. It is also important to
note, however, that the clonal hepatocyte expansion mentioned here largely involves
normal appearing hepatocytes, not preneoplastic lesions [53, 54]. Thus, the idea that
selective growth of hepatocytes that are resistant to antiviral immunity also reflects
promotion of carcinogenesis remains an inference, though in our opinion a plausi-
ble one. As noted, studies of genetic diseases of the liver have led to similar conclu-
sions about selective growth of disease resistant hepatocytes [59].

Persistence of HBV, Clonal Expansion, and Virus Evolution

The biological properties of large hepatocyte clones is not yet understood and it is
conceivable that differences exist among clones in terms of their susceptibility to
HBYV infections as well as NA therapy. Indeed, differences among hepatocyte clones
might also influence the dynamics of virus evolution because of continued selection
of the fittest members within an existing viral population. Virus evolution during
chronic infection is well documented, and has been attributed to immune selection
against viral epitopes (Chap. XXX), i.e., immune evasion. This is thought to explain,
for example, the HBeAg positive to HBeAg negative transition that sometimes
occurs during the immune clearance phase, in which HBeAg negative variants of
HBYV emerge to become the predominant genotype and virus titers remain detect-
able and often, but not always, at levels many logs less than before their emergence
(e.g., [71,72]).

Evolution of the virus population to escape the antiviral immune response might
occur at two levels, spread of resistant virus and selective clonal expansion, via
immune escape, of hepatocytes that become infected by these variants. In the
absence of selective pressure, as during the immune clearance phase, HBV variants
probably exist in proportion to the estimated HBV mutation frequency of 10 to
1075 per nt. However, hepatocytes infected by an immune escape mutant might be
able to expand clonally at the expense of cells infected by wt HBYV, if a low level
immune selection occurs during the prolonged immune tolerant phase. It might also
be that HBV variants with a higher replication rate expand in the liver even without
a need for immune evasion. As noted, super-infection resistance is high [73].
However, there is currently no way to know if some leakiness could allow expansion
of a mutant with a higher replication rate over the many decades that can character-
ize the immune tolerant phase of infection. Unfortunately, while there is evidence
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that some HBeAg negative mutants replicate at a higher rate than wt [74] in cell
culture, it is not known if this is true in vivo, especially during chronic infections.

In addition, during the immune clearance phase, at least two events might coex-
ist, differential killing of hepatocytes infected with wt HBV and, if there are one or
more rebound phases, spread of mutant and to a lesser extent, wt HBV, to hepato-
cytes which had been cured of their infection. Thus, elevated killing of hepatocytes
infected with wt HBYV, as compared to an HBeAg negative variant, might facilitate
emergence of the mutant. Whether either of these scenarios actually occurs, in vivo,
is unknown.

In summary, virus persistence in patients with active hepatitis seems facilitated
by the expansion of immune escape variants of HBV, while wt HBV probably
remains predominant in patients with low disease activity, as in the immune toler-
ance phase. Emergence of immune escape variants of HBV is probably associated
with virus spread during the immune clearance phase, as well as clonal expansion
of hepatocytes infected by these variants. Spread by super-infection does not, a
priori, appear to be a helpful scenario for supplanting the wt unless the mutant has
a higher replication rate; whether such variants occur naturally is unknown. To the
extent that clonal expansion of hepatocytes leads to promotion and/or progression
to HCC, immune escape variants of HBV might be intrinsically procarcinogenic,
irrespective of any more direct role they may have in carcinogenesis.

Implications for Future Antiviral Therapies and Prevention
of HCC

Investigations on the hepatocyte lineage in mouse models indicate that differenti-
ated hepatocytes are the source for regenerated cells. Consistent with this concept,
studies on WHYV infections in woodchucks demonstrated that previously infected
hepatocytes repopulate the liver after the resolution of transient infections. Moreover,
the concept that the hepatocyte population is closed has potentially important impli-
cations for the progression to HCC during chronic hepatitis B. In essence, if the
population is closed, hepatocyte turnover will inevitably lead to clonal expansion of
some lineages at the expense of others. Clonal expansion can influence disease out-
come in many ways, depending on properties of individual hepatocytes clones, in
terms of their permissiveness for virus replication, their sensitivity to CTL killing
and their growth rate. For example, HCC development might be influenced by early
genetic lesions, or epigenetic events that are key to HCC development, but require
additional changes to eventually lead to cancer.

Because non-cytocidal genetic damage to the hepatocyte population will be
cumulative, it would seem useful to consider earlier NA treatment to restrict the
accumulation of mutations and expansion of mutant cell populations. Similarly,
expansion of clones could have an effect on the outcome of NA-based antiviral
therapies, especially if the NAs have any negative impact on cell viability, even a



142 C. Seeger et al.

small one. This might explain “leakiness” observed with antiviral therapies. If so,
antiviral therapies would benefit from new, non-NA drugs, such as the previously
described capsid formation inhibitors.
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