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1.  Introduction

Hepatitis is an inflammation of the liver caused by at least 6 different viruses, and is a disease carried by 350,000,000 people worldwide.  One million infected people live in the United States alone, where an estimated 5,000 people die from hepatitis yearly.  One causative agent of the disease is the Hepatitis B virus (HBV), a member of the hepadnavirus family.  This small, noncytopathic, enveloped virus has a 3.2 kb partially double-stranded, relaxed circular DNA (rcDNA) genome that replicates through reverse transcriptase without being integrated into the host genome.  It is transmitted through blood contact, and can cause either transient or chronic infections of the liver, depending on the strength of a person’s immune response to the virus.  Infection may terminate in fatal fulminate hepatitis, untreatable liver cancer, or spontaneous clearance in the case of transient infection.  Although a vaccine is available for hepatitis B, there is no treatment that is completely successful in suppressing established infections.  One of the focuses of current research is to determine the mechanism behind which the body is able to spontaneously clear the liver of HBV, which has the ability to infect the entire hepatocyte population, in transient infections through both cytopathic and noncytopathic mechanisms.  Noncytopathic viral inhibition pathways are of particular interest because not only are they very important the body’s defense against infections, but also have enormous therapeutic potential.   Currently it is known that a variety of cytokines, such as tumor necrosis factor alpha (TNF-), and interferons alpha/beta and gamma (IFN-( and γ) suppress viral replication through defined cytopathic and undefined noncytopathic pathways, which are mediated by the activation of nuclear factor-kappa B (NF-kB).  They suppress HBV replication cytopathically by inducing apoptosis or phagocytosis, and noncytopathiclly by either inhibiting DNA replication, or by destabilizing the formation of viral capsids where replication takes place.  The following will include a review of viral replication, as well as the NF-kB pathway and cytokines responsible for HBV suppression in hepatocytes during clearance of transient infections.

2.  Overview or Viral Replication
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While entry, uncoating, and transport of viral genome into the nucleus are not well understood, the mode of viral replication has been thoroughly characterized (Seeger et al, 2000).  Once the virus enters the blood stream, proteins on the surface of the viral capsid make contact with unknown receptors of the targeted quiescent hepatocytes in the liver.  The virus envelope fuses with cell membrane and releases the capsid, containing the viral DNA, into the cytoplasm. The DNA contained within the capsid is double-stranded, relaxed-circular DNA (rcDNA) with reverse transcriptase attached to the 5’ end of the minus strand, and a short RNA attached to the 5’ end of the plus strand (see figure 1).  This is converted to circular cccDNA in the nucleus, which then becomes the template for transcription of viral mRNA’s (reverse transcriptase and RNA are cleaved in the process).  The cccDNA that has a “gap” where the plus strand is incomplete is then repaired by cellular machinery, while the minus strand serves as the template for transcription of viral mRNA’s which are transported to the cytoplasm and translated into viral proteins.  One of these mRNA’s, the pregenome, is responsible for encoding capsid and envelope proteins, including the HBeAG and HBcAG precore protein antigens which are part of the self-assembling core particle, as well as HBx which is vital to viral replication.  HBcAG is has also been shown to suppress transcription of IFN-(, whose cytotoxic effects will be discussed later, while HBeAG is secreted into the bloodstream and provides a good indication of viral replication (Chisari et al, 1995).  The pregenome is also responsible for encoding reverse transcriptase, which will bind to the 5’ end of its own mRNA within the developing capsid and produce the viral DNA.  As the capsid begins to form around genomic RNA, the reverse transcriptase begins making a viral DNA copy, as well as its complementing strand.  By the time the capsid is completed, only part of the complementary strand of DNA (plus strand) has been synthesized, hence the gap in cccDNA.  Once the complete capsid has been formed it is secreted from the cell by budding into the lumen of the endoplasmic reticulum, and is then free to infect other hepatocytes. 

3.  General Immune Response


Once the HBV virus has invaded the bloodstream and begun to replicate within the hepatocytes, the body’s immune system begins to combat the infection.  Cells recognize viral invasion primarily through detection of dsRNA, which is present at some point in most viral infections, responding by either secreting cytokines such as IFN-α/β and TNF-α, or by inducing apoptosis.  Interferon released by the cell binds to receptors of nearby cells, warning them of imminent viral attack, as well as performing other important functions.  Cytokines and chemokines released by the infected cells also attract natural killer cells to the infected tissue.  These either directly destroy the infected cell or produce antiviral cytokines that attract inflammatory cells to the infected site.  One of these cytokines, interferon gamma, activates macrophages which then begin to produce tumor necrosis factor alpha, which further drives recruitment of natural killer cells, activates the NF-kB pathway, and increases the severity of apoptotic damage to infected hepatocytes in a positive regulatory feedback loop.  Other cells involved in the cytopathic immune response are the B cells, which produce both general antibodies as well as those specific to the capsid antigens of HBV (HBsAG, and HBeAG), helper T cells that cause B cell differentiation, and killer T cells (CTL’s CD8+ and CD4+) which recognize and destroy infected hepatocytes with antigen-presenting MHC class I and II molecules on their surfaces.  Through the coordination of these various cells and cytokines, as mediated by NF-kB activation, the body attempts to kill off infected hepatocytes and inhibit viral replication and spread.

4.  Brief review of the general NF-kB signaling pathway

The nuclear factor kappa B signaling pathway is the primary mediator of immune system-regulating cytokines.  The Rel/NF-kB family of transcription factors are activated in response to stress and are involved inactivating a large number of genes, including those related to the activation of apoptosis, inflammation, and innate immune responses to viral infection (through interferon gene expression) (Senftleben et al, 2002).  NF-kB binding activity has been found to be inducible in almost every cell type, and thus has widespread regulatory effects.  The family contains five members, each with a conserved Rel homology domain; NF-kB1, NF-kB2, RelA, RelB, and c-Rel.  These members interact [image: image3.png]IFNeg  ‘ENY
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as homo- or heterodimers, which either activate or suppress transcription in response to different stimuli (Caamaño et al).  NF-kB1 and RelA are expressed ubiquitously and form a heterodimer that is responsible for the most common inducible binding activities of the family.  This transcription factor is activated by a variety of signals, such as tumor necrosis factor alpha (TNF-α) released by macrophages activated in response to viral infection, interleukin 1 (IL-1), PKR, byproducts of bacterial and viral infections, and radiation.  As shown in figure 2, NF-kB is maintained in its inactive form in the cytoplasm by the inhibitors of kappa B (IkB), which inhibit the transcription factor by masking its nuclear localization signal and sequestering it in the cytoplasm (Senftleben et al, 2002).  It is activated only when IkB is phosphorylated and targeted for ubiquitin-dependent degradation.  The complex responsible for this phosphorylation is IkB kinase (IKK), which is composed of two catalytic subunits and (α and β), and a regulatory/stabilizing γ subunit.  In summary, in response to stress stimuli such as the cytokine, TNF-α activates IKKs which phoshorylate IkB, releasing NF- kB from its inactive state and allowing it translocate to the nucleus and bind to target genes.


Activation of NF-kB has been shown to strongly inhibit apoptosis by activating a variety of antiapoptotic genes (reviewed in Caamaño et al).  The pathway is also central to maintaining immunological homeostasis and activation.  Activation of the transcription factors causes an increase in production of IL-1, IL-2, IFNγ, and TNF-α, as well as chemokines and other products.

5.  Cytolytic Cytokine-Induced Viral Inhibition 


Interferons-α/β, type I, and γ, are produced at high levels in the liver, and have all been shown to inhibit HBV replication in transgenic mouse models (Guidotti et al, 1999).  IFN- α/β is generally secreted initially by leukocytes in response to dsRNA or to viral interactions with cellular proteins and activation of the NF-kB transcription factor.  TNF, interleukin (IL), and IFN-γ follow in a second wave of cytokines.  IFN-γ is only secreted by cells of the immune system, such as natural killer cells and T cells, which are also found in abundance in the liver.  Interferons can induce the translation of over 300 proteins, differing or overlapping depending on cell and IFN type.  This is initiated by binding of IFN’s to their surface cell receptors and activation of receptor-associated tyrosine kinases and the Jak/STAT signaling pathways, which results in the activation of target genes by interacting with upstream regulatory sequences (ISRE) and gamma-activated factor (GAF), which then bind specific elements of IFN-inducible genes (reviewed by Goodbourn et al).

The most studied IFN-induced proteins involved in antiviral response are PKR and the 2’-5’ oligoadenylate synthetases (see figure 3).  PKR is a kinase that has a variety of cellular functions, including the ability to interact and bind to viral dsRNA, by which it becomes activated.  Activated PKR then in turn activates the NF-kB signaling pathway, thus increasing cytokine, chemokine, and MHC class 1 presentation (all of which are produced in response to NF-kB), and helps to accelerate viral clearance through cytolytic attack on infected cells.  The 2’-5’ oligoadenylate synthetase system (OAS), also activated by IFN’s, are enzymes that activate endoribonuclease L (RNaseL) which is responsible for cleaving single-stranded RNA, hindering protein synthesis and inducing apoptosis.  It has also been shown to cleave 28S ribosomal RNA, leading to ribosomal inactivation and translation inhibition. (Goodbourn et al, 2000).  

    6.  Noncytolytic Cytokine-Induced Viral Inhibition 


   It had previously been thought that viral clearance was primarily a result of CD8+T lymphocytes attack and destruction of infected cells; however, it has since been shown that HBV is cleared from the bloodstream before the peak of T cell activity, thus implicating a large role for noncytopathic antiviral activity as well (Guidotti et al, 1999).  

In addition to the cytolytic roles, IFN- IFN-, and TNF- secreted by T cells and macrophages also inhibit HBV replication in a noncytolytic manner, allowing viral clearance with minimal damage to the liver.  Administration of IFN’s and TNF-α in duck, mouse, and chimpanzee models has resulted in significantly decreased viral production with no indication of strong apoptotic responses.  The activities of cytokines are known to be closely connected to, and mediated by, the tumor necrosis signaling pathway which plays a huge role in regulating a variety of cellular functions.  Therefore cytokines regulated by NF-kB are at the heart of the body’s fight against viral infection. 


Clearance of transient hepatitis infections has raised some very interesting questions about the defense system responsible for combating infection.  As mentioned previously in the paper, during the course of a transient infection it is possible to infect the entire population of hepatocytes in the liver and then to spontaneously clear the infection from the body.  Were the body to rid itself of HBV through CTL killing, substantial damage would occur to the vital organ.  Also, studies have shown that IFN, and TNF are able to stimulate viral inhibition in mouse and duck models noncytopathically, supporting the hypothesis that clearance of transient HBV infections are not due to killing infected cells.  The mechanisms behind noncytopathic viral inhibition are not well known, although recent papers have indicated that the pathway may involve activities such as disruption of capsid formation and RNA cleavage.  For example, induction of IFN-α/β, IFN-γ or TFN-α has been shown to trigger degradation of preformed HBV RNA in the nucleus of the hepatocyte.  The reason behind this may be that HBV mRNA stability depends on the presence of a nuclear ribonucleoprotein called SSB/La that binds the viral RNA (Guidotti et al 2001).  The cytokines trigger the cleavage of this protein, thus exposing an endoribonuclease-sensitive site in the RNA, which is recognized during 2’5’ OAS response that is also triggered by the same cytokines.  Therefore induced cleavage of preformed RNA may be a way in which the hepatocytes are able to destabilize preformed viral RNA and inhibit replication without inducing apoptosis.

The most recent pathway identified, however, is one in which TNF-α inhibits viral replication by activating NF- kB and disrupting capsid integrity (Biermer et al, 2002).  Biermer and his colleagues were able to show that cells transfected with HBV genomic DNA and treated with TNF-α had reduced viral replication by 90% in comparison to cells that had not been treated with TNF-α, and that the inhibition was not a result of cell apoptosis.  They also showed that NF- kB activation by TNF-α or other means was the key to suppression of viral replication, and that suppression was not a result of inhibited transcription or RNA.  In fact, it was seen that TNF-α drastically decreases the levels of encapsidated pgRNA, thus reverse transcription, which depends on encapsidation, is prevented.  Also, activation of NF- kB decreased overall DNA replication that takes place in the particles.  Therefore it was shown that activation of NF- kB by TNF-α or other stimuli inhibits viral replication by destabilizing capsid formation around pgRNA, thus preventing reverse transcription and DNA replication in a noncytopathic manner.  This is also beneficial because by inhibiting destruction of the cell, antigen-presenting capabilities are preserved, which further activates the immune response.  The research has taken a large step forward in describing the previously unknown means by which transient HBV infections are cleared from the liver with minimal damage.  

7.  Future Treatments 

Currently the only effective treatment of chronic hepatitis infection is administration of interferon alpha, or of nucleoside analogues.  However these treatments are ineffective in a large proportion of the patients and lead to the persistence of resistant variants over long periods of time.  Furthermore, while administration of TNF-alpha and other cytokines suppress viral replication, general administration can have detrimental side effects.  New research is focusing on the possibility of transferring cytokine genes into the liver via a HBV vector (Protzer et al, 1999).  Scientists have shown that is possible to create large amounts of incomplete viral particles carrying transduced IFN genes in duck models.  These particles retain hepatocyte-specificity and are able to express their IFN genes and block establishment of hepadnaviruses, as well as reduce viral production in pre-established infections.  In the future this may prove to be a very effective treatment of liver-associated viruses.

8.  Conclusions


In conclusion, cytokines such as interferons and tumor necrosis factor alpha, regulated through the NF-kB pathway, play a vital role in viral inhibition both cytopathically and noncytopathically, thus allowing transient infections of hepatitis to be cleared without destroying the liver.  Although noncytopathic viral inhibition is still poorly understood, researchers have made some key breakthroughs that will allow new understanding of these pathways come the promise of new treatments for chronically established HBV infections which may provide relief to the large numbers of people infected with hepatitis throughout the world.
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