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Abstract
Under most circumstances, hepatitis B virus (HBV) is noncytopathic. However, hepatocellular
regeneration that accompanies each bout of hepatitis appears to be associated with increased
integration of HBV DNA fragments expressing the virus encoded hepatitis B x antigen (HBxAg).
Intrahepatic HBxAg staining correlates with the intensity and progression of chronic liver disease
(CLD), and additional work has shown that HBxAg blocks immune mediated killing by Fas and by
tumor necrosis factor alpha (TNFα). This is not only associated with the blockage of caspase activities
by HBxAg, but also by the constitutive stimulation of hepatoprotective pathways, such as nuclear
factor kappa B (NF-κB), phosphoinositol 3-kinase (PI3K), and beta-catenin (β-catenin). HBxAg also
appears to promote fibrogenesis, by stimulating the production of fibronectin. HBxAg also stimulates
the production and activity of transforming growth factor beta 1 (TGFβ1) by several mechanisms,
thereby promoting the profibrogenic and tumorigenic properties of this important cytokine. In
addition, HBxAg appears to remodel the extracellular matrix (ECM) by altering the expression of
several matrix metalloproteinases (MMPs), which may promote tumor metastasis. Hence, HBxAg
appears to promote chronic infection by preventing immune mediated apoptosis of infected
hepatocytes, by promoting the establishment and persistence of fibrosis and cirrhosis preceding the
development of HCC, and by promoting the remodeling of EMC during tumor progression.
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1. Introduction
Chronic hepatitis B virus (HBV) infection is associated with the development of chronic
hepatitis, cirrhosis (end stage liver disease) and hepatocellular carcinoma (HCC) [1,2].
Although there is convincing evidence that the pathogenesis of chronic hepatitis B is immune
mediated [3], and that under most conditions, HBV is not cytopathic [4], there is also evidence
that sustained high levels of virus replication is associated with an elevated risk for the
development of HCC [5,6]. High levels of virus replication is associated with sustained high
levels of virus gene expression in the liver, which promotes recurrent inflammation and
progressive chronic liver disease (CLD), the latter of which is a major risk factor for HCC.
While stellate cell activation in CLD is central to the development of fibrosis and cirrhosis
[7,8], and there is no firm evidence yet that HBV infects stellate cells, an important question
is whether virus gene expression/replication in chronically infected hepatocytes contributes
importantly to the pathogenesis of chronic infection, including the development and
progression of fibrosis into cirrhosis. This question is important because cirrhosis appears to
be a preneoplastic lesion that leaves patients at high risk for HCC. This idea is supported by
observations showing the apparent development of HCC nodules within cirrhotic nodules in
the liver [9,10], suggesting that cirrhosis may contribute importantly to tumor development.
Given that both the HBV carrier state (i.e., persistent hepatitis B surface antigen [HBsAg] in
the blood) and progressive CLD (i.e., the development of cirrhosis) are the most important risk
factors for the development of HCC among chronically infected patients [1,2], and that the
relative risk of HCC appearance in such patients is between 100 and 200 compared to
uninfected patients without liver disease, raises the question as to whether development of
cirrhosis results entirely from stellate cell activation or whether the virus also contributes to
the lesions in the liver that develop during chronic infection. This mini-review is intended to
address the putative role of HBV encoded x antigen (HBxAg) in immune mediated CLD.

2. Hepatitis B x antigen (HBxAg)
2a. HBxAg stimulates virus gene expression and replication

HBV encodes a small regulatory protein, the hepatitis B x antigen (HBxAg), that promotes
virus gene expression and replication by trans-activating the virus promoters and enhancer/
promoter complexes [11,12], which is thought to contribute importantly to the establishment
and/or maintenance of the chronic carrier state. The carrier state is characterized by the
persistence of small, spherical and variably long filamentous HBsAg particles lacking virus
DNA. Some HBV carriers also demonstrate high levels of virus replication in the liver
accompanied by correspondingly high titers of virus particles and virus DNA in the blood
[13]. The idea that HBxAg trans-activates HBV implies that sustained high levels of
intrahepatic virus gene expression provides targets for immunological recognition and long
term effector function against virus infected cells. In many patients, sustained high levels of
virus gene expression and replication may trigger immunological tolerance in a condition
known as the asymptomatic carrier state [13], but in patients who develop a variety of antiviral
immune responses, sustained virus gene expression and replication may trigger a progressive
CLD in which fibrosis and cirrhosis develop. The strong and direct correlation between
intrahepatic HBxAg expression and CLD [14] implies that HBxAg may contribute to this
process by one or more mechanisms. For example, the inflammatory cytokines, such as tumor
necrosis factor alpha (TNFα) and interleukin-6 (IL-6), which are elevated in the serum of
chronic carriers, are not only transcriptional targets of HBxAg, but also promote the expression
of HBxAg in infected cells. TNFα promotes HBxAg expression by stimulating the production
of free radicals, which in turn, stimulates HBxAg trans-activation function [15,16], while IL-6
stimulates HBxAg expression at the HBV enhancer 1/HBx promoter complex [17]. Since
HBxAg stimulates cell growth, the HBxAg associated elevation of IL-6 may favor regeneration
of cells expressing HBxAg, thereby promoting accumulation of HBxAg positive cells in the
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liver following successive bouts of liver cell destruction and regeneration. Moreover, the close
correlation between HBxAg staining and inflammatory cell infiltrates in the liver [14] may be
associated with the oxidative environment (consisting of free-radical generation) created by
inflammatory cells adjacent to virus infected hepatocytes. Although CLD is an attempt by the
host immune system to eliminate virus infected cells, the oxidative environment meant to kill
infected cells stimulates HBxAg, which in turn stimulates hepatoprotective responses that
promote chronic infection. HBxAg stimulation of the cell cycle through up-regulated
expression of genes that promote cell growth, down-regulated expression of negative growth
regulatory genes and tumor suppressors [18,19], combined with its ability to inhibit apoptosis,
are also features characteristic of tumor cells. Together with the in vivo findings that several
strains of HBx transgenic mice develop HCC [20,21], these findings provide the basis to
elucidate the roles of HBxAg in the pathogenesis of CLD and HCC, which is important to
identify appropriate prognostic biomarkers and therapeutic targets.

2b. X antigen and the chronic carrier state
The importance of X antigen expression to the establishment of the chronic carrier state (from
which CLD then develops) was demonstrated in woodchucks that are naturally susceptible to
the HBV related woodchuck hepatitis virus (WHV). Experimental infection of newborn
woodchucks with a wild type clone of WHV resulted in a very high frequency of chronic
infections and CLD, with virtually all animals developing HCC within 2–3 years of infection
[22]. In contrast, when newborns were infected with WHV having a point mutation that
prevented the expression of the X protein, the mutant genome was unable to establish chronic
infection and associated CLD when introduced into newborns [23,24]. Under these
circumstances, host immunity would have cleared the virus long before enough virus
replication occurred in the liver to establish chronic infections. Hence, in the absence of X
antigen, there probably was little or no stimulation of WHV gene expression and replication,
and no liver disease, resulting in transient, subclinical infections.

2c. Integration and function of the HBx gene in chronic infections
An important characteristic of chronic HBV infection is that integration of the HBV genome
into multiple sites within the host DNA readily occurs [25,26], especially during the liver
regeneration that accompanies bouts of hepatitis, where the single stranded regions of HBV
DNA (which most often spans the X and surface antigen genes) integrate within replication
forks of host DNA. Sequence analysis of host-virus junctions in chronically infected liver and
HCC have shown that most viral DNA integrates within the direct repeat (DR) sequences
located at each end of the viral genome (Fig. 1) [27], although integration events characterized
by variable deletions in the 3’ end of the X gene have also been described [28]. Integration
with respect to host sequences appears to be more random and within many chromosomes
[25,29], although multiple integration events have been found in or around the telomerase gene,
h-tert [30], near or within selected oncogenes or protooncogenes [31], and within or adjacent
to fragile sites or cancer susceptibility regions [32]. Integrated viral sequences often over-
express full-length or 3’-truncated HBx mRNAs [33,34] (Fig. 1) that encode HBxAg
polypeptides differing in trans-activation properties, with several truncated mutants being
more active than the full-length molecule. Full length HBxAg transforms liver cells in culture
[35,36] and gives rise to HCC in HBx transgenic mice where high levels of HBxAg expression
is maintained [20,21]. Interestingly, in these transgenic mice, HBxAg expression is associated
first with altered foci, then with adenomas, and finally with HCC, suggesting HBxAg
associated hepatocarcinogenesis consists of multiple steps. HBxAg is selectively over-
expressed in roughly 70% of chronically infected patients with HCC, and among these patients,
HBxAg is present in more than 95% of their peritumor liver samples [37,38]. Staining was
observed predominantly in the cytoplasm, although scattered nuclear staining was also seen in
hepatocytes within cirrhotic nodules. In this context, HBxAg may alter the patterns of host
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gene expression that contribute importantly to the pathogenesis of chronic infection and
development of tumors by two different mechanisms. As noted above, HBxAg is a trans-
activating protein, but instead of trans-activating virus gene expression and replication, over-
expression of HBxAg (even without virus replication going on in the same cell) alters host
gene expression by constitutively activating cytoplasmic signal transduction pathways (e.g.,
NF-κB, src, ras, AP-1, AP-2, PI3K/AKT, JAK/STAT, Smad, and Wnt), and by binding to
nuclear transcription factors (e.g., CREB, ATF-2, Oct-1, TBP, and basal transcription factors),
which together contribute to increased cell growth and survival [39,40]. Importantly, integrated
DNA fragments containing the HBx gene produced functional HBxAg (in trans-activation
assays) [41,42] and transformed nontumorigenic liver cells into those that grew in soft agar
and formed tumors in nude mice [36]. These results show that HBxAg is capable of
transforming immortalized liver cells, suggesting it may act early in the transformation process.
In this context, the strongest and most widespread intrahepatic HBxAg staining was observed
among HBV carriers with cirrhosis [37,38], suggesting that HBxAg mediated changes in gene
expression within cirrhotic nodules may be central to the development of HCC. However,
HBxAg also stimulates the growth of the human adenoma cell line, HepG2, in serum free
medium and in soft agar, accelerates HepG2 tumor formation in nude mice, and has been shown
to promote metastasis [43,44], suggesting that HBxAg also contributes importantly to later
steps in multi-step hepatocarcinogenesis. As presented below, the production of HBxAg from
integrated templates appears to alter the response of infected hepatocytes to cytotoxic cytokines
and activated T cells, and also promotes a profibrogenic environment and disease progression.

3. HBxAg promotes fibrogenesis by blocking immune mediated apoptosis
Direct killing of virus infected hepatocytes by CTLs, and the recruitment of antigen nonspecific
cells to the sites of intrahepatic inflammation, trigger hepatocellular injury and destruction.
This process is amplified by the secretion of both pro- and anti-inflammatory cytokines during
CLD that promote the development of fibrosis and cirrhosis [45]. In this context, an important
question is whether HBxAg contributes to the pathogenesis of CLD by altering the response
of hepatocytes to CTL and/or cytokine signaling and by altering the production of antiviral
cytokines in infected hepatocytes. Interestingly, the direct relationship between HBxAg
staining and the intensity of inflammation in CLD [14,37,38], suggests that HBxAg alters
cytokine production and/or the response of the cell to CTL and cytokine signaling, thereby
mediating survival and growth of infected cells in the presence of ongoing immune responses.
If so, then the altered responses of infected cells to CTL and cytokine killing, as well as the
altered production of cytokines by virus infected cells, may be among the major mechanisms
whereby HBV establishes and maintains chronic infection. As outlined below, resistance to
immune mediated apoptosis not only promotes the survival of infected hepatocytes, but also
promotes the persistence and progression of CLD as well as the development of fibrosis.

3a. Partial protection of hepatocytes against Fas mediated apoptosis
Hepatic inflammation consists of lymphocytic infiltrations consisting of CD4+ and CD8+ T
cells [46]. The latter have been shown to lyse HBV infected target cells [47] through activation
of the perforin/granzyme and Fas/FasL pathways [48] in natural infections [49] and in
transgenic mice [50]. Dis-regulation in proliferation vs. apoptosis during CLD is thought to
distinguish normal regeneration following injury from a liver that eventually gives rise to
cirrhosis and HCC [51], and it is believed that this is mediated, at least in part, by the persistent
expression of HBxAg.

The centrality of the Fas/FasL system to hepatocellular death is highlighted by the observations
that anti-Fas injected mice quickly die from fulminant hepatitis [52] and that primary mouse
hepatocytes are exquisitely sensitive to anti-Fas treatment [53]. In CLD, activated cytotoxic T
lymphocytes (CTLs) have elevated expression of FasL [54], which triggers Fas signaling and
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apoptosis in Fas (receptor) bearing hepatocytes. In addition, strong Fas and FasL expression
are often observed in hepatocytes around areas of intense inflammation [47] and adjacent to
HCC nodules [55]. Interestingly, the distribution of HBxAg is similar [14,37,38], suggesting
that HBxAg may modulate Fas expression and signaling. In fact, HBxAg up-regulates
expression of FasL in liver and in hepatoma cell lines [56], suggesting that HBxAg [+] cells
may kill incoming CTLs and thereby “escape” immune elimination [57], while neighboring
hepatocytes would remain more sensitive to killing, which would favor the survival of HBxAg
[+] hepatocytes. The net outcome of this process is that the infection is not resolved in the
presence of persistent and recurring immune responses, which is an environment in which
stellate cells are also activated and progressive fibrotic lesions develop.

On the molecular level, when activated T or natural killer cells expressing FasL bind to
hepatocytes expressing Fas receptor (or simply Fas), the receptor trimerizes, and binds to a
Fas-associating protein with death domain (FADD) [58] and to procaspase 8 (or FLICE)
[59]. Procaspase 8 is cleaved to yield active caspase 8, while the latter cleaves procaspase 3
(and other procaspases), which then cleave cytoplasmic and nuclear substates, resulting in
apoptosis (Fig. 2) [60]. While this process does not involve mitochrondria, which also plays
an important role in apoptosis, the cleavage of anti-apoptotic Bid to a proapoptotic, truncated
tBid by caspase 8 [61], permits tBid to translocate to mitochrondria and trigger the release of
cytochrome c, leading to the activation of caspase 9, which then activates caspase 3, and finally
apoptosis (Fig. 2) [62]. Interestingly, the expression of Bid is lower in HCC than in surrounding
nontumor liver [63], and a significant decrease in Bid is also observed in liver cells transfected
with HBxAg [64], implying that HBxAg may block the apoptotic signal from the extrinsic
(Fas) to intrinsic (mitochondrial) cell death signaling pathways [62]. Recent data has shown
that the HBxAg activation of the proinflammatory NF-κB results in the up-regulation of a novel
cellular gene, referred to as up-regulated gene 7 (URG7) that blocks Fas mediated killing
[65] by inhibiting caspase 8 activity (Fig. 2) [66]. Since previous work showed that HBxAg
blocked caspase 3 activity [67], it is possible that this effect is mediated by URG7. In addition
to blocking apoptosis, URG7 also appears to override apoptosis by activating PI3K/Akt
signaling [66], which had also previously been identified as one of the functions of HBxAg
[68]. Interestingly, PI3K signaling results in the constitutive activation of β-catenin, which has
been demonstrated to be anti-apoptotic in both HBxAg expressing and in URG7 over-
expressing cells [66]. This partial protection from direct CTL activity is likely to promote
prolonged activation of inflammatory and stellate cells. On the background of liver cell injury
and destruction, this environment promotes the development of fibrosis and cirrhosis after
repeated liver injury.

3b. Partial protection of hepatocytes against tumor necrosis factor alpha (TNFα) mediated
apoptosis

TNFα is also of central importance to the pathogenesis of HBV associated CLD. Hepatic
expression of TNFα and TNFR1 are strongly up-regulated in chronic hepatitis B and correlate
with the severity of liver disease [69]. Hepatocytes, Kupffer cells, other inflammatory cells,
and peripheral blood mononuclear cells produce TNFα, and elevated serum levels are common
among carriers [69,70]. HBV stimulates TNFα production [71], and further work has shown
that HBxAg trans-activates TNFα expression in cell culture [72]. Interestingly, the ability of
HBxAg to stimulate NF-κB appears to depend upon TNF signaling, since NF-κB activation
by HBxAg occurred in TNF treated primary hepatocytes from TNFR1 [+/+] but not from
TNFR1 [−/−] mice [73]. Recent data has also shown that HBxAg confers resistance of infected
liver cells to TNFα by blocking caspase 3 and 8 activation (which are also shared with the Fas
apoptotic pathway), as well as by stimulating anti-apoptotic PI3K signaling [66] (Fig. 2).
Activation of PI3K/Akt may result in the inactivation of the proapoptotic BAD, and activation
of the anti-apoptotic Bcl-xL, while constitutive activation of PI3K/Akt also inactivates
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glycogen synthase kinase 3 beta (GSK3β), resulting in the accumulation of β-catenin, which
is both anti-apoptotic and protumorigenic. The ability of HBxAg to attenuate both Fas and
TNFα killing results in ongoing liver damage. It is proposed that this occurs without the
resolution of virus infection, favoring the development of fibrosis and cirrhosis in place of
normal hepatocellular regeneration.

In addition to HBxAg, there is limited data to suggest that pregenomic HBV RNA is spliced
to form a novel small protein, the hepatitis B spliced protein (HBSP) that corresponds to a
fusion of the N-terminal part of the polymerase and a new ORF created by the splice event
[74]. HBSP was detected in infected livers, and anti-HBSP was present in serum samples from
many of the same patients [74]. Functional analysis showed that HBSP had no effect upon
virus transcription or replication, although it was expressed along with markers of virus
replication [74,75]. Anti-HBSP was also associated with markers of virus replication in serum
[75]. Neither HBSP nor anti-HBSP correlated with liver necroinflammatory activity, but they
were significantly associated with severe liver fibrosis and with elevated levels of TNFα in the
serum of chronically infected patients [75]. The finding that ectopic expression of HBSP
triggers apoptosis [74] may provide a stimulus for stellate and Kupffer cell activation if this
occurs in vivo. Alternatively, or in addition, HBSP may contribute to fibrosis by modulating
the signaling pathways of one or more cytotoxic cytokines, such as TNFα and/or TGFβ1 (see
below). It is not known, however, whether these or other pathways are actually altered by
HBSP.

4. HBxAg alters the composition of extracellular matrix (ECM)
Fibronectin (FN) is an important component of the extracellular matrix (ECM) that is up-
regulated in the plasma of patients with CLD and down-regulated in patients who successfully
respond to anti-viral treatments and resolve liver disease [76]. There is also evidence that FN
in the liver sinusoids binds to HBV particles, possibly promoting the uptake of HBV by the
liver [77]. Interestingly, FN is likely to be a target for HBxAg in vivo, since there is extensive
co-staining between HBxAg protein and FN mRNA in chronically infected livers [78]. In
addition, HBxAg stimulates the FN promoter in cell culture by activation of NF-κB and by
binding to and inactivating wild type p53, which would otherwise suppress FN expression (Fig.
3) [78]. These findings suggest that HBxAg up-regulate FN expression at the transcriptional
level. Despite up-regulation of FN, HBxAg expressing cells show a modest (50%) decrease in
adherence to FN [79], which is associated with depressed expression of the FN receptor,
α5β1 integrin. There was also an observed decrease in the levels of collagen/laminin receptor
α1 subunit in HBxAg positive compared to negative cells [79], suggesting that HBxAg
promotes the detachment of infected cells from the ECM. This detachment was associated with
increased cell migration, indicating that changes in the ECM-cell relationship probably also
contributed to metastasis. Given that activated ras and src signaling depress α5β1 expression
[80], that HBxAg stimulates ras and src signaling [81], and that HBxAg disrupts adherens
junctions in a src dependent manner [82], it is likely that the activation of these signaling
pathways by HBxAg contribute importantly to decreased integrin expression, decreased cell
adhesion, and an increased propensity for cell migration and metastasis.

The accumulation and remodeling of ECM is a process central to the development of fibrosis
and cirrhosis. In this context, HBxAg has been shown to up-regulate the expression of the
enzyme, lysyl hydroxylase 3 (LH3), in liver cells. HBxAg shows extensive costaining with
LH3 in cirrhotic nodules (unpublished data), suggesting that LH3 may contribute to
fibrogenesis. LH3 contains three distinct catalytic activities: lysyl hydroxylase (LH),
galactosyltransferase (GT), and glucosyltransferase (GGT). These domains mediate the
chemical cross-linking of several collagen and collagen-like molecules [83], resulting in the
stabilization of the ECM during chronic infection. In this process, hydroxylysine residues are
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substrates for the addition of galactose and glucose. Although no disease has been linked to
abnormalities in LH3 production, LH3 knockout mice show disrupted formation of basement
membranes during embryogenesis, resulting in embryonic lethality [83]. This suggests that the
over-expression of LH3 during chronic HBV infection may lead to the development and
persistence of basement membranes characteristic of fibrosis, which separate the intimate
relationship between hepatocytes and the bloodstream observed in normal livers. Although
LH3 is associated with the endoplasmic reticulum, where it may begin its modification of
collagen, it has also been found in the extracellular space and in serum [84], implying that LH3
serum levels may be elevated in the blood prior to the development of HCC. In natural infection,
the function of up-regulated LH3 is unknown, but it is possible that it is a mechanism whereby
HBV adds sugar residues to surface antigen polypeptides during glycoprotein synthesis.

4a. HBxAg alters transforming growth factor beta 1 (TGFβ1) signaling
Transforming growth factor beta 1 (TGFβ1) is an important mediator of fibrosis and apoptosis
in carriers with CLD [85,86]. In fact, there is a direct correlation between serum TGFβ1 levels,
elevated aminotransferases, and fibrosis scored in liver biopsy specimens [87]. HBxAg blocks
TGFβ1 mediated growth inhibition and apoptosis, in part, through the up-regulation of PI3K
[68,88]. The observations that TGFβ1 expression is up-regulated by HBxAg in cell culture, in
HBx transgenic mice [89], and in HCC tissue, suggest that HBxAg may confer resistance to
TGFβ1 mediated growth inhibition, while uninfected cells remain sensitive, thereby favoring
survival of virus infected hepatocytes. The findings that HBxAg binds the transcription factor,
Egr-1, and that there is an Egr-1 binding site in the TGFβ1 promoter, further suggest that
HBxAg participates in the transcriptional up-regulation of TGFβ1 expression early in infection
[89], which is supported by clinical data [85,86] and is consistent with the idea that TGFβ1
plays an early, central role in the development of cirrhosis.

In addition to transcriptional trans-activation, recent work has revealed another mechanism
leading to increased TGFβ1 activity. Levels of TGFβ1 activity in the supernatants of HBxAg
[+] cells were significantly higher than HBxAg [−] cells, and this inversely correlated with the
levels of alpha 2-macroglobulin (α2M) [90], which binds to and neutralizes TGFβ1.
Suppression of α2M was inhibited by introduction of IκBα into HBxAg [+] cells, suggesting
that the suppression of α2M was NF-κB dependent [90]. HBxAg may suppress α2M gene
expression by either activation of NF-κB, which in turn blocks the activation of the α2M gene
by STAT3, and/or by the HBxAg activation of PI3K, which then blocks α2M expression.

As indicated above, the findings that the HBxAg activation of NF-κB results in the up-regulated
expression of FN and URG7, and down-regulation of α2M, suggest that constitutive NF-κB
activation by HBxAg in chronic HBV infection promotes fibrogenesis. The activation of
additional signaling pathways by HBxAg also shifts the activity of TGFβ1 from that of
maintaining homeostasis by mediating growth inhibition and apoptosis as needed in the
uninfected liver (Fig. 4A) to that which promotes fibrogenesis and tumorigenesis in the infected
liver (Fig. 4B). Hence, HBxAg potentially promotes the development of fibrosis and cirrhosis
by a number of mechanisms (Fig. 3).

TGFβ1 is also known to be immunosuppressive, and studies have shown that it inhibits IFNγ
and anti-HBc production as well as proliferation of peripheral blood mononuclear cells
(PBMC) derived from chronically infected patients, and blocks CTL activity [91]. These results
suggest that HBxAg, through elevated TGFβ1 expression, is likely to be immunosuppressive,
thereby promoting the development and/or persistence of the chronic carrier state.
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4b. HBxAg and matrix metalloproteinases (MMPs)
Fibrosis is often the consequence of CLD independent of etiology. Under physiological
conditions, matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMP) promote both the synthesis and degradation of the ECM. In the context of CLD, this
homeostasis is disrupted.

MMPs consist of at least 19 family members, which include collagenases, gelatinases, and
stromelysins, that are distinguished by their substrate specificity. Individual MMPs are active
at different times during CLD, and the active members also differ as to whether CLD is due to
hepatitis B, hepatitis C, or is nonviral in origin (e.g., associated with nonalcoholic
steatohepatitis or NASH) [92]. The net effect of MMP activities is tissue remodeling, which
leads to the development of fibrosis and then cirrhosis prior to HCC, and then promotes
angiogenesis and metastasis after the development of HCC.

Microarray analysis of HBxAg positive compared to HBxAg negative human hepatoma cells
showed a significant increase in MMP-3 expression (5–7 fold), a modest increase in MMP1
(2–4 fold), and depressed integrin signaling (2–4 fold) [86]. HBxAg trans-activation function
was required for elevated MMP-3 expression and enhanced cell migration in vitro. These
findings are consistent with those showing that HBxAg disrupts adherens junctions and
decreases cellular adhersion to ECM [79,82]. Independent results, using other cell lines,
showed that HBxAg up-regulated MMP-1 and MMP-9 [94,95]. Interestingly, MMP-1 and
MMP-9 are extracellular matrix-degrading MMPs that most likely promote angiogenesis,
invasion and metastasis. In this context, HBV infection of hepatocytes and HepG2 cells also
up-regulated MMP-9 expression, promoted MMP-9 activation and increased cell migration
[96,97]. MMP-9 activation was associated with depressed expression of TIMP-1 and -3 only
in HBV infected hepatoma cell lines [97], suggesting that HBV infection altered the MMP-9/
TIMP-1 and MMP-9/TIMP3 ratios, thereby promoting fibrosis. Further work showed that
HBxAg activation of ERK and PI3K/AKT was associated with elevated MMP-9 expression
and with metastasis of liver cancer cells [95]. In addition, the fact that ERK and PI3K/AKT
activate NF-κB and AP-1 signaling, and that the MMP-9 promoter has both NF-κB and AP-1
binding sites [95], suggests that HBxAg transcriptionally targets the MMP-9 gene during
chronic infection. On the other hand, serum MMP-1 concentration was directly associated with
the histological degree of periportal and intralobular necrosis, with portal inflammation, and
with liver fibrosis [87,98], while serum levels of MMP-2 are also elevated in patients with
fibrosis and liver cirrhosis [98]. HBxAg up-regulated expression of MMP-2 and of membrane
type 1 matrix metalloproteinase (MT-MMP) was also associated with increased cell migration
and with metastasis [43]. Independent work has shown that HBxAg up-regulates MMP-1,
which in turn, activates MMP-2 [94], suggesting that HBxAg alters the expression of multiple
MMPs in the development of fibrosis, cirrhosis and cancer.

Proinflammatory cytokines, such as TNFα, IFNγ, and interleukin-18 (IL-18) often up-regulate
the synthesis of one of more MMPs in a cell type specific manner [45,99]. At the onset of
fibrogenesis, the basement membrane-like matrices making up the ECM in the space of Disse
are proteolytically degraded by MMPs. The latter are produced by stellate cells (which live in
the space of DIsse) which convert normal ECM into the fibrillar ECM characteristic of fibrosis
[99]. Interestingly, MMPs are expressed prior to the onset of stellate cell activation in liver
fibrogenesis, suggesting that they may be made by other cell types as well, but there is evidence
that MMPs are also transiently elevated during the early stages of liver regeneration, suggesting
that in both contexts, elevated MMPs contribute importantly to ECM remodeling in wound
healing. These observations suggest that the MMP mediated degradation of the ECM in the
space of Disse triggers the activation of hepatic stellate cells [99]. If so, then the up-regulation
of profibrogenic cytokines (e.g., TGFβ1) and/or MMPs by HBxAg may contribute early on as
part of the trigger for the activation of stellate cells. After the initial elevations in MMPs, TIMPs
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are produced, which inhibit MMP activities, thereby permitting the accumulation of ECM and
the development of fibrosis. The finding that elevated TIMP-1 is associated with liver fibrosis
[100], and that successful antiviral treatment with lamivudine is associated with improved liver
histology (decrease in fibrosis) and decreased serum levels of TIMP-1 [87], suggests that
fibrosis may be reversible with sustained antiviral treatment [101]. Fibrosis may also be
reversible by promoting stellate cell apoptosis, elevating MMP expression, and/or blocking
TIMP expression/activity, although these approaches remain to be proven.

5. HBxAg alterations in cytokine signaling
The evidence outlined above suggest that HBxAg promotes the development of fibrosis by
partially altering the outcome of Fas, TNFα and TGFβ1 signaling as well as by up-regulating
TGFβ1 production in virus infected hepatocytes [89]. TNFα, which is transcriptionally up-
regulated by HBxAg [72], has been shown to delay Fas mediated apoptosis by partially
suppressing caspase 3 activation [102]. HBxAg also blocks caspase 3 activity, which is
common to both Fas and TNFα mediated apoptosis (Fig. 2). TNFα, in turn, up-regulates
interleukin-6 (IL-6) production in the liver. IL-6, which is also transcriptionally trans-activated
by HBxAg [103], induces acute phase proteins and promotes liver cell regeneration during and
following a bout of hepatitis. IL-6 also blocks TGFβ1 mediated apoptosis by activation of
PI3K/AKT and JAK/STAT signaling pathways [104]. Activation of these same pathways by
HBxAg [39,40] appear to override TGFβ1 induced hepatocellular growth arrest and apoptosis.
HBxAg also appears to induce interleukin-8 (IL-8), which is a chemotactic factor for
neutrophils and T cells early in the inflammatory process [105]. Interestingly, neutrophils
produce high levels of MMP-8 (neutrophil collagenase) and MMP-9 (gelatinase B), which
cleave and thereby modulate the function of various chemokines and ECM proteins [106].
HBxAg also induces the proinflammatory cytokine, interleukin-18 (IL-18) [107]. Given that
IL-18 [107] and HBxAg [56] up-regulate FasL, this would provide a mechanism whereby
HBxAg triggers the injury and lysis of CTLs, thereby protecting infected hepatocytes from Fas
killing. The finding that IL-18 also stimulates many other proinflammatory cytokines, such as
IL-8, IL1β, and TNFα [108], as well as natural killer (NK) and T cells [109,110], suggests that
the up-regulation of IL-18 by HBxAg may be one of the major reasons underlying the close
correlation between HBxAg expression and the severity of CLD. Evidence in support of this
comes from HBx transgenic mice. In addition to being HBx and IL-18 positive in the liver,
these mice develop hepatic necrosis, steatosis, and chronic hepatitis prior to the appearance of
HCC [107,111]. In these mice, IL-18 staining correlated with regions of chronic hepatitis
[111], which is consistent with epidemiologic observations showing that progressive CLD is
a major risk factor for the development of HCC [1,2], and that HCC is a tumor associated with
chronic inflammation. In human carriers, the latter serves to trigger stellate cell activation and
fibrogenesis.

Fibroblast growth factors (FGF) consist of a family of cytokines, some of which have
mitogenic, angiogenic and/or fibrogenic activities [112]. Up-regulated expression of FGFs is
associated with the development of HCC in FGF transgenic mice [113,114], in c-myc/TGFα
transgenic mice, and in HBxAg transgenic mice [115], suggesting that the latter may promote
the over expression of FGF and/or FGF inducible genes. On the other hand, the profibrogenic
cytokine, platelet derived growth factor (PDGF), appears to be a target for HBV integration
[26]. In fact, there is evidence that PDGF expression is elevated in the blood of patients with
fibrosis [116] while elevated intrahepatic PDGF expression correlates with inflammatory
activity, fibrosis stage and the grade of histological findings [117]. Independent work has
recently shown that PDGF-C transgenic mice develop activated stellate cells, fibrosis,
adenomas and then HCC [118]. Elevated expression of additional profibrotic proteins, such as
TGFβ1, PDGF receptors α and β, as well as TIMP-1 and TIMP-2, were also detected in
preneoplastic liver. In addition to fibrosis, these changes in gene expression were associated
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with steatosis and liver cell dysplasia [118], strongly suggesting that PDGF plays a central role
in the development of fibrosis and its progression to HCC. Although PDGF expression is
elevated in HBV carriers with CLD, it is not clear whether this is triggered by the virus.

Although there is no evidence that HBV infects stellate cells, or that stellate cells express
HBxAg, there is work to suggest that the conditioned medium from HBxAg expressing
hepatocytes stimulated stellate cells to make collagen 1, connective tissue growth factor, alpha
smooth muscle actin, MMP-2, and TGFβ. Conditioned media from HBxAg expressing cells
also stimulated stellate cell proliferation [119], suggesting that HBxAg, through paracrine
mechanisms, may activate stellate cells. The finding that anti-TGFβ1 blocked these paracrine
effects [119] suggested that the HBxAg up-regulated expression of TGFβ1 contributed
centrally to stellate cell activation. Independent observations also showed that conditioned
media from HBxAg expressing liver cells stimulated the expression of angiopoietin-2 (Ang2)
in hepatocytes and stellate cells [120]. Ang2 is known to be associated with both angiogenesis
and inflammation at the sites of over-expression, again suggesting a role for HBxAg in stellate
cell activation. These observations also strengthen the association between HBxAg expression,
CLD and the development of fibrosis.

6. Conclusions
There is considerable evidence that HBV is noncytopathic, as shown by the persistently high
levels of virus replication observed in asymptomatic HBV carriers. In addition, patients with
immunodeficiencies often have high levels of virus but little or no liver pathology, while HBV
persistently replicating to high levels in liver cell cultures demonstrate no cytopathic effects.
In contrast, among chronically infected patients who develop antiviral immune responses,
HBxAg appears to contribute to the development and/or progression of CLD and fibrogenesis.
This is based upon clinical observations showing a correlation between HBxAg expression and
markers of CLD and fibrosis. Although it is not yet clear whether these correlations represent
cause and effect, cell culture studies suggest several mechanisms that are consistent with the
clinical observations. For example, the ability of HBxAg to partially inhibit immune mediated
apoptosis may promote the persistence of chronic inflammatory liver disease, which
contributes importantly to hepatic stellate cell activation. Activated stellate cells, in turn,
secrete inflammatory chemokines and express cell adhesion molecules that modulate the
activation of inflammatory cells [119,121]. This cycle, whereby inflammatory and stellate cells
activate each other, appears to further contribute to the observed changes in the composition
of the ECM that is associated with the development and progression of fibrosis. In addition,
the findings that HBxAg alters expression of several MMPs and TIMPs, may not only
contribute to tissue remodeling during fibrogenesis, but also to the release of latent growth
factors within the ECM that promote hepatocellular migration and promote tumor formation.
Although interesting, it is not clear whether this occurs in vivo, since most of the supporting
data was gathered from in vitro experiments with cell lines. However, the finding that HBxAg
up-regulates the expression and activity of TGFβ1 in vitro and in vivo, suggests that it is also
likely to contribute importantly to the development and progression of fibrosis. The inhibition
of α2M expression by HBxAg not only impacts upon TGFβ1 activity from hepatocytes, but
also upon the TGFβ1 made from other cell types during the inflammatory process. The
observations that HBxAg shifts TGFβ1 signaling from that which promotes homeostasis
(involving growth inhibition and apoptosis) to tumorigenesis (involving immunosuppression,
enhanced ECM production, and angiogenesis) (Fig. 4) underscore some of the putative (but
unproven) roles of HBxAg to the development of fibrosis and the close relationship between
progressive CLD and the appearance of HCC observed in early epidemiological studies [1,2].
Given that TGFβ1 strongly up-regulates production and deposition of major ECM components,
it is possible that intrahepatic HBxAg expression, in the context of CLD, is both profibrogenic,
and later on, promotes the development of HCC. This suggests that in additional to nucleoside
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and nucleotide analogs, that strongly reduce virus replication and improve liver histology,
HBxAg may be a novel and important therapeutic target among chronically patients with
progressive CLD (fibrosis → cirrhosis) with little or no evidence of virus replication.
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Fig. 1.
Model of the HBV DNA genome as it exists in the virus particle. Note that the ends of the
genome, at direct repeats 1 and 2 (DR1 and DR2), respectively, are both within the X region.
Integration events into host DNA often occur in or around the DR1 sequences of HBV so that
the X gene is the most frequent integrated portion of HBV DNA.
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Fig. 2.
Some of the mechanisms whereby HBxAg confers resistance to immune mediated apoptosis.
The pathways shown highlight TNFα Fas, β-catenin and TGFβ1 signaling.
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Fig. 3.
Summary of various pathways whereby HBxAg may contribute importantly to the
development of fibrosis and cirrhosis during CLD.
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Fig. 4.
Proposed changes in TGFβ1 signaling by HBxAg. Normally, TGFβ1 signaling maintains
homeostatsis by acting as a negative growth regulator in the liver, but during chronic viral
infection, HBxAg overrides this negative growth regulation by activating additional signaling
pathways that block negative growth regulation and stimulate hepatocellular growth and
survival, which may be early steps in hepatocarcinogenesis (modified from [122]).
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