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Eradication of covalently closed circular DNA (cccDNA) is an ideal goal of chronic hepatitis B (CHB) therapy.

Understanding the changes in the cccDNA pool during therapy provides a basis for developing CHB treatment

strategies. Central to the description of cccDNA dynamics is a parameter called cccDNA half-life. CccDNA half-life

is not an intrinsic property of cccDNA molecules, but a description of an observed phenomenon characterized by

cccDNA pool decline. Since cccDNA has to be in the nuclei of host cells to function, the half-life of cccDNA is

determined by the state and destiny of the host cells.

hepatitis B virus  cccDNA  half-life  nucleot(s)ide analogues  hepatocyte  turnover

1. Introduction

Covalently closed circular DNA (cccDNA) is the first viral product after hepatitis B virus (HBV) infection of

hepatocytes. It serves as a stable repository of HBV genetic information in liver cells and represents the most

impenetrable barrier to a functional cure for chronic hepatitis B (CHB) . CccDNA is converted from its

precursor, relaxed circular DNA (rcDNA) (Figure 1). With great effort, in almost two decades, researchers have

largely characterized the host factors required for cccDNA formation, intermediates formed during the conversion

and the functional regulation mechanisms of cccDNA minichromosomes (see reviews ). There is a consensus

that the functional cure of CHB requires eradication or persistent suppression of cccDNA . However,

current therapies based on the nucleot(s)ide analog (NUC) or/and pegylated-interferon-α (PEG-IFNα) have limited

efficacy in achieving a functional cure for CHB, necessitating the development of new therapeutic strategies 

.
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Figure 1. Replication cycle of HBV. The viruses infect hepatocytes by interacting with the receptor sodium

taurocholate cotransporting polypeptide (NTCP). Relaxed circular DNA (rcDNA) is released into the nuclei after

nucleocapsid uncoating. With the help of the host factors, rcDNA is converted into cccDNA, which serves as the

template of viral RNA transcription. The productive nucleocapsid containing progeny rcDNA either secretes through

the multivesicular body (MVB) pathway or recycles to the nuclei.

It is well known that serum HBV virions are in a highly dynamic equilibrium; approximately 10  viruses decay and

are produced daily . Similarly, the cccDNA pool in hepatocytes is in a dynamic equilibrium . Since any

treatment to cure CHB must reduce the number of cccDNA molecules in the livers, it is important to understand the

dynamic changes in cccDNA quantity during therapy. In fact, cccDNA dynamics can only be revealed by treatments

that shift the equilibrium in the cccDNA pool. Both NUC and PEG-IFNα can reduce cccDNA levels either indirectly

by suppressing cccDNA synthesis or directly by degrading cccDNA. The decline of cccDNA during therapy denotes

a shift in the dynamic balance between cccDNA synthesis and decay. The dynamics of the cccDNA pool can be

investigated by exploring this shift. 

2. The Term ‘cccDNA Half-Life’ Does Not Refer to an Intrinsic
Property of cccDNA

The half-life of pure cccDNA independent of its host cells is practically meaningless, since cccDNA has to be in the

nuclei of host cells in order to function. It is the destiny and environment of the host cells that govern the ‘half-life’ of

cccDNA. The cccDNA disappear when the host cells die, and decrease when the host cells divide. CccDNA can

also be degraded in noncytopathic ways. The cccDNA pool may exhibit very different half-lives under different

conditions. In chimpanzees recovering from an acute HBV infection, cccDNA can decline with a half-life as short as

3 days . In contrast, patients receiving long-term NUC therapy exhibited a very slow cccDNA decline, with a half-

life of as long as 26 months . Apparently, ‘cccDNA half-life’ involves the quantified amplitudes of the cccDNA
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decline phenomenon, which vary considerably depending on the situation. Therefore, this term does not refer to

the intrinsic nature of cccDNA, and that the values represent the observed kinetics of cccDNA decay as a pool that

would change depending on the circumstances. In this sense, the term ‘apparent cccDNA half-life’, as proposed by

Boettler et al., is more accurate than ‘cccDNA half-life’ .

3. Major Factors That Affect cccDNA Half-Life

Given that cccDNA is located in the nuclei of the host cells and performs its functions, the state of the host cells will

exert a significant influence on the dynamics of cccDNA. Therefore, factors affecting the situations of host cells

affect cccDNA half-life. Noncytopathic effects and hepatocyte turnover are the major factors impacting cccDNA

half-life.

3.1. Noncytopathic Effects Contribute to cccDNA Degradation in Acute Infection

Chisari et al. first reported that HBV-specific cytotoxic T lymphocytes could abolish HBV gene expression and

replication in the liver of transgenic mice via noncytopathic cytokines . Based on these findings, they postulated

that this antiviral process might be primarily responsible for the viral clearance during human HBV infection rather

than the destruction of infected cells. To test this hypothesis, they observed the clearance of HBV in acutely

infected chimpanzees. In these animals, a significant decrease in HBV replicative intermediates and cccDNA from

the liver was observed long before the peak of T cell infiltration and most of the liver disease. Xia et al. also found

that HBV-specific T cells inhibit HBV replication and reduce cccDNA in infected cells without the direct contact

required for cytolysis . The findings support the presence of a noncytopathic mechanism contributing to the

clearance of the virus . Mathematical modeling was later performed to evaluate the extent to which cytopathic

and noncytopathic T cell effector functions contribute to the resolution of HBV infection in three acutely infected

chimpanzees. CccDNA demonstrated a rapid decay in the first phase of the decline, with a half-life of 3 days. If cell

death and cell division were the only mechanisms responsible for clearance of HBV infection, such a short half-life

would imply the destruction and regeneration of approximately 11 livers. In contrast, simulation incorporating the

cytokine effects indicated significantly less hepatocyte death and regeneration (1.4–2.8 livers) . Studies using

woodchuck models also supported that both noncytopathic effects and hepatocyte death were responsible for the

elimination of cccDNA during recovery from transient infections . Cytokines associated with this noncytopathic

effect include interferon-gamma (IFNγ), tumor necrosis factor-alpha (TNFα), and IFNα/β . Later studies

showed that IFNα accelerates the decay of DHBV cccDNA in culture  and induces the specific degradation of

the nuclear HBV cccDNA without hepatotoxicity by up-regulating APOBEC3A and APOBEC3B cytidine deaminases

.

3.2. Hepatocyte Turnover Is a Major Factor Promoting cccDNA Decay

The liver is a solid organ with a high regenerative capacity to ensure that the liver-to-bodyweight ratio is always at

100% of what is required for body homeostasis . Hepatocyte turnover is regulated by two closely related events,

namely hepatocyte death and division. As hepatocytes die, the number of hepatocytes must be replenished to
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maintain liver mass and new hepatocytes are produced. Typically, a cell death results in a new cell being produced,

and vice versa. It is believed that cccDNA is degraded or eliminated when the host cell dies and cannot infect

another hepatocyte.

3.2.1. Evidence That Hepatocyte Turnover Promotes cccDNA Decay

The influence of hepatocyte turnover on cccDNA levels (or infected hepatocytes) was first demonstrated by Mason

et al. . An NUC, 2′-deoxycarbocyclic guanosine (2′-CDG), was found to significantly reduce DHBV cccDNA

levels (with a half-life of approximately 2 weeks) in the livers of ducks congenitally infected with DHBV. 5-bromo-2’-

deoxyuridine (BrdU) labelling showed that hepatocytes proliferation increased by 10-fold after 2 weeks of therapy.

This result suggests that the inhibition of viral replication and acceleration of hepatocyte turnover with 2′-CDG

therapy caused a rapid clearance of infected hepatocytes. In contrast, 5-fluoro-2’,3’-dideoxy-3’-thiacytidine (524

W), another potent inhibitor of DHBV DNA synthesis that did not expedite the turnover of hepatocytes in ducks, led

to a strong inhibition of virus production but a slower rate of decline in the number of infected hepatocytes and

cccDNA (with a half-life of more than 6 weeks) than that with 2′-CDG. Addison et al. analyzed the decline of DHBV

cccDNA in ducks treated with a combination of lamivudine (LAM) and a dideoxyguanosine prodrug for 5 months

. The cccDNA pools in three ducks demonstrated an exponential decline, with half-lives ranging from 35 to 57

days. Liver sections stained with the cell division marker, proliferating cell nuclear antigen (PCNA), showed that

animals with a continuous cccDNA loss had a significantly higher number of PCNA-positive nuclei than those

whose cccDNA levels had plateaued.

Mason et al. also treated WHV-infected primary hepatocyte cultures with [1-(2-fluoro-5-methyl-β-L-

arabinofuranosyl) uracil] (L-FMAU), a reverse transcriptase inhibitor. They found that although L-FMAU caused a

200-fold suppression in viral DNA replication, no significant loss in cccDNA was observed in the infected

hepatocytes during the 40-day treatment . In chronically infected woodchucks, L-FMAU treatment for 30 weeks

reduced cccDNA levels to between 1.2 and 5.4% of pretreatment levels, suggesting a half-life of 33 to 50 days.

This reduction could be explained by an infected-cell death rate of 1.3 to 2.1% per day, which is in reasonable

agreement with the PCNA staining results.

Outstanding examples exhibiting the influence of hepatocyte death on cccDNA is from the experimental therapy of

HBV infection by T cells that were engineered to express HBV-specific chimeric antigen receptors (CARs) or T cell

receptors (TCRs). Protzer’s lab reported that expression of CARs directed against the HBV surface proteins

enables human T cells to kill HBV-infected human hepatocytes and to eliminate viral cccDNA in vitro and in vivo 

. T cells stably expressing high-affinity HBV envelope- or core-specific TCRs also effectively control HBV

infection in humanized mice by specifically clearing infected hepatocytes without damaging noninfected cells .

3.2.2. Effect of Cell Division on cccDNA

In nonproliferating primary cultures of woodchuck hepatocyte infected with woodchuck hepatitis virus (WHV),

treatment of L-FMAU did not facilitate loss of cccDNA. No significant loss of cccDNA from the treated cultures was

seen between days 8 and 40 post-infection, indicating a cccDNA half-life of at least 32 days . Ko et al. tested
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cccDNA half-life in an HBV-infected cell line (HepG2-NTCP-K7) in the presence of 2.5% DMSO, which induces cell

cycle arrest. Treating cells with entecavir (ETV) reduced cccDNA levels by 48% at day 45 post-infection,

suggesting a cccDNA half-life of approximately 40 days in these nondividing cells .

During hepatocyte division, the HBV cccDNA minichromosome could be distributed unequally or even lost during

mitosis since it is not a cellular chromosome equipped with centromere structures. Chong et al. examined the

dynamic changes in HBV cccDNA in different cellular growth stages of a stably HBV-producing cell line, 1.3ES2

. They found that the amount of cccDNA decreased dramatically in the cells during their exponential

proliferation, and cccDNA could be removed when proliferating cells were subjected to long term of lamivudine

(3TC) treatment. The half-life of cccDNA in the exponentially proliferating cells was approximately 5 days. Once the

cells had grown to confluence, the half-life of cccDNA was approximately 9 days, but 20% of the remaining cccDNA

was retained stably inside the cells for more than 30 days . To quantify the impact of cell division on cccDNA

loss, Tu et al. passaged cells every 3 days to induce mitosis of HBV-infected HepG2-NTCP and HepaRG-NTCP

cells. Then, the number of cccDNA copies was measured by precise PCR assays and the number of HBV-

expressing cells was monitored over time using reporter viruses. They observed that cccDNA levels undergo a 5-

fold decrease after each round of mitosis, which is the exact rate predicted by mathematical models assuming a

complete loss of cccDNA in daughter cells .

In contrast, some other studies did not observe significant cccDNA loss during cell division. Li et al. determined the

distribution of HBV cccDNA in continuously passaged HepAD38 cells using a fluorescence imaging in situ

hybridization (FISH)-based assay. The findings showed that nuclear HBV DNA symmetrically distribute to daughter

cells. It is worth noting that the detected nuclear DNA was not necessarily cccDNA, since the probes used were not

cccDNA-specific . Dandri et al. evaluate whether nuclear cccDNA becomes unstable during cell division in

cultures of primary hepatocytes isolated from a WHV chronically infected woodchuck . The cells were treated

with epidermal growth factor (EGF) for 24 days to induce proliferation in the presence of adefovir (ADV). They

found that cccDNA signals had the same intensity in ADV-treated plates despite the fact that a 50% increase in cell

number (70% vs. 105%) did occur when EGF was added. Cautions should be taken while interpreting this result,

because the cells seemed to proliferate at a marginal rate during a long period.

To determine the effect of cell proliferation on cccDNA in vivo, Lutgehetmann et al. transplanted primary tupaia

hepatocytes (PTHs) chronically infected with woolly monkey HBV (WM-HBV) from chimeric mice into the

urokinase-type plasminogen activator (uPA)/severe combined immunodeficiency (SCID)/beige (USB) mouse

model. Transplantation of WM-HBV-infected hepatocytes led to an average of 3.8 PTH doublings within 80 days.

Remarkably, a median 2-log decline of cccDNA per cell determined during PTH proliferation was due to both

dilution of the cccDNA pool among daughter cells and a 0.5-log loss of intrahepatic cccDNA loads . The effect of

hepatocyte division on the HBV cccDNA pool was also observed in humanized mice. Primary human hepatocytes

(PHH) from HBV-infected humanized mice were serially transplanted into naïve recipients. The findings

demonstrated that human hepatocyte division, triggers substantial cccDNA loss even without the involvement of

cytolytic mechanisms. CccDNA copies per PHH decreased by 2.4 log during cell division (from day 3 post-

transplantation until day 30), and the total cccDNA amounts per liver reduced by 0.7 log during this period . In
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contrast, Hayashi et al. demonstrated that in HBV-infected human-liver-chimeric mice (PXB-mice), the total

cccDNA content did not change during liver repopulation after entecavir treatment. An explanation for the

inconsistence is that the experimental procedure used by Hayashi et al. is different from that used by Allweiss et al.

In PXB-mice, observation started 8 weeks after transplantation and 4 weeks after HBV infection. Allweiss et al.

adopted a different procedure in which human liver cells from USB mice already infected with HBV were

transplanted to naïve recipients and observation started 3 days after transplantation. Probably, this procedure

maximized the proliferation rate of the cells and thus presented its effect on cccDNA more readily.

3.2.3. Hepatocyte Turnover Rate

Knowing the lifespan or turnover rate of hepatocytes is essential in exploring the dynamics of the cccDNA pool due

to the close relationship between cell death and the change in the cccDNA pool. In 1961, Richard determined the

lifespan of rat liver cells by tracing tritiated thymidine (H -thymidine) incorporated into cell nuclei . He found that

0.22% of hepatic nuclei were labelled following a single injection of H -thy-midine in normal adult rats, suggesting

that a liver would renew in 450 days. Of note, it was estimated that in normal liver approximately 41% of labeled

cells had died or divided by 60 days, and the remaining labeled cells had lifespans varying up to at least 6

additional months  (Figure 2A). This implies a great heterogeneity of hepatocytes lifespan. For fatty and cirrhotic

liver, the lifespan of hepatocytes was considerably less than that of normal liver (26 days vs. 450 days). Again,

those hepatocytes exhibited heterogeneity in lifespan. Although 98% of labelled hepatocytes died or divided in 60

days, the remaining 2% of cells did not go further change for at least several months. Magami et al. used H -

thymidine to trace the life of hepatocytes in mice . They found that the proportion of labelled hepatocytes

decreased from 33.7% to 16.6%, 10.9% and 7.9% after 100, 200 and 300 days (Figure 2A). This indicates an

overall hepatocyte half-life of approximately 100 days, but the heterogeneity is apparent at individual cell level,

given that 7.9% of the cells survived longer than 300 days .

The concept of the balance between hepatocyte death and production provides a basis for estimating hepatocyte

death rate by monitoring newly produced hepatocytes over time. Recently, He et al. assessed hepatocyte

proliferation in a mouse model using Ki67-induced expression of the fluorescent protein . Their dual

recombinase-based method, called Protracer (proliferation tracer, Figure 2B), enabled the continuous recording of

the proliferation events of entire cell populations over time in multiple organs, including the liver. Although their

primary goal was to characterize the cell source of hepatocytes during homeostasis and regeneration, the study

provided valuable information to estimate the turnover of hepatocytes. One set of data revealed that from week 2 to

week 12 after tamoxifen induction, a gradual increase in the number of newly produced hepatocytes was observed,

as demonstrated by the GFP expression in the cells induced by Ki67 expression. At week 12, over 60% of the total

population were GFP-positive cells (Figure 2C). This implies that more than 60% of the hepatocytes died during

the course of the 10 weeks, as approximately 60% of the hepatocytes were newly produced at this time. Given that

some GFP-positive hepatocytes must have already died, 10 weeks may be a low estimate of the half-life of mouse

hepatocytes in homeostasis. This estimate closes to the half-life of hepatocytes (100 days) inferred from the H -

thymidine labelling experiments. In addition, different regions of the liver lobule contribute differentially to
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hepatocyte turnover, and zone 2 is the primary source of new hepatocytes during homeostasis and regeneration

(Figure 2D) .

Figure 2. Monitoring the lifespan and proliferation of hepatocytes. (A) H -thymidine was injected into rat and

mouse models to label hepatocytes and monitor the changes in the labeled cells . (B) Ki67 expression

induced a constitutive expression of GFP which was used to monitor the fate of liver cells. (C) From week 2 to

week 12, the number of hepatocytes with Ki67-expression-induced GFP expression increased to more than 50%,

which represent newly produced hepatocytes. The figure is a modification of a figure from reference . (D)

Structure of the liver lobule. Hepatocytes in the liver lobule are organized into three zones and those in zones 2

and 1 have higher proliferation rates than those in zone 3 during homeostasis.
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The half-life of normal human hepatocytes does not permit experimental determination in vivo by lineage or H -

thymidine tracing. However, indirect estimation of normal human hepatocyte turnover can be made by

immunohistochemical detection of PCNA. PCNA is present in the cell nuclei throughout the cell cycle but binds

tightly to chromatin at the peak of the S-phase. Immunofluorescent studies have shown that in cells only PCNA

associated with DNA replication sites (S-phase-specific PCNA) can be detected. In contrast, non-S-phase nuclear

PCNA, which is present in lower amounts and is not physically associated with DNA replication sites, is likely lost

or undetectable by conventional immunocytochemical methods . In methanol-fixed normal human liver, the

PCNA-labeling index was from 0.05% to 0.78% for hepatocytes . This translates to 0.15 to 2.34% of

hepatocyte death per day, assuming that S-phase lasts for approximately 8 h and that PCNA staining therefore

only reflects approximately one-third of the cells in S-phase over a 24 h period . Another proliferation marker,

Ki67, can also be used to estimate hepatocyte turnover rate. Farinati et al. found that 0.2% of the hepatocytes were

Ki6-positive in the periportal area (zone 1) in the samples from patients with hepatitis B, translating to a 0.6% of

hepatocyte death per day. However, this might be a low estimate since the majority of proliferating hepatocytes

were found in zone 2 of mouse lobules .

In summary, normal hepatocytes of rat and mice exhibit a heterogeneity in half-life. The majority of hepatocytes

have a half-life of 50–100 days, but a minority of hepatocytes can live longer than 300 days. The death rate of

normal human hepatocytes is estimated to be approximately 0.5% per day, equivalent to a half-life of 100 days.

However, details of half-life heterogeneity of human hepatocytes need further investigation.
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