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SUMMARY

The type of cell-mediated responses expressed at the early stages of HBV infection can influence the subsequent
outcome of hepatitis B. Indeed, recovery is associated with efficient activation of mechanisms of the innate immunity,
which seem to be responsible for the early inhibition of viral replication. A subsequent activation of HBV-specific T
cellsis probably crucial to complement the effect of the innate immunity and to allow complete control of virus
replication. Moreover, control of infection cannot be achieved without rapid and efficient development of anti-envelope
neutralizing antibody responses that are needed for elimination of free vira particles and inhibition of cell to cell spread
of thevirus.

In patients with chronic hepatitis B, HBV -specific T cell responses are weak or undetectable in the peripheral blood
and T cells are attracted into the infected liver where they are diluted among virus non-specific T and non-T cells that
are the predominant cell population of the intrahepatic infiltrate. The high viral and antigen load may be the main
responsible for the T cell hyporesponsiveness typical of chronic patients through exhaustion of T cell responses and
expansion of T cells able to produce Th2 cytokines.

HBV isatypical non-cytopathic virus that can induce tissue damage of variable severity by stimulating a protective
immune response that can simultaneously cause damage and protection, by curing intracellular virus through the
destruction of virus infected cells. Therefore, immune elimination of infected cells can lead to the termination of
infection when it is efficient, or to a persistent necroinflammatory disease when it is not.

Destruction of infected cells, however, is not the only mechanism implicated in the elimination of intracellular virus, as
demonstrated by studies carried out in animal models of HBV infection and in human hepatitis B showing the
importance of cytokine-mediated, noncytolytic mechanisms of anti-viral protection.

The first experimental evidence in favor of such mechanisms derives from studies performed in the transgenic mouse
model (1). These studies showed that single-stranded and relaxed circular double stranded HBV-DNA replicative
intermediates can be eliminated from the cytoplasm of HBV transgenic hepatocytes as aresult of the anti-viral effect of
IFN-a and TNF-? released within the transgenic liver primarily by infiltrating HBV-specific CD8+ cells (2-4) but also
by CD4+ T cells (5).

1. ACUTE HBV INFECTION

a. What is the sequence of early immune events after HBV infection? Because induction of the virus-specific immune
response usually requires a number of days, theinitial protection against HBV is believed to be afforded by nonspecific
mechanisms that can be called into play in avery short time, ranging from minutes to hours (6). Among these
mechanisms, killing of virusinfected cells without HLA restriction or apparent specificity for viral antigens and
secretion of antiviral cytokines by NK cells and by NKT cellsis believed to play an important role in host defense
against HBV (7-9). NKT cells have an extremely limited TCR repertoire with predominant TCR a/[3 expression
(10,11). They depend on non-classical, MHC class | -like CD1 molecules for their development and they recognize
mainly glycolipids presented by CD1. Their proliferation is supported by IL2, and stimulation of their CD3 complex
can lead to production of IFNa and IL4. Interestingly, these cells have been described at high frequency in
unchallenged livers suggesting a possible role for NKT cellsin the pathogenesis of hepatic infections (10,11). Indeed,
activation of NKT cells can cause liver injury in the transgenic mouse model of HBV infection, but can also contribute
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to the noncytolytic clearance of HBV by secretion of large quantities of IFN-a (7-9)

Compl ete eradication and control of viral infections, however, cannot be accomplished by the natural immunity.
Therefore, effector mechanisms capable of accurate recognition of specific viral structures are needed to deal
successfully with HBV. Activation of naive T cells, which is essential for the initiation of adaptive immunity, requires
two distinct signals: the first one provided by the recognition of the viral peptide-HLA complex through the T cell
receptor, the second one derived from the interaction of costimulatory molecules on the surface of the APC with
surface receptorson the T cells (12,13). Consequently, the type of cell that presents viral peptidesto naive T cells can
determine whether T cells are activated and proliferate, as occurs when both signals are delivered by professional APC,
or inactivated and energized if antigen is presented in the absence of costimulatory signals, as can occur if they
encounter antigen for the first timein tissues, like the liver, where the costimulatory molecules are not expressed
(12,13). In particular, dendritic cells play acentral role in the initiation of the specific immune response; they capture
antigen at the site of entry into the body and then differentiate into professional APC during their migration to lymph
nodes (21,13). Thus, induction of the primary immune response is most efficient within lymph nodes where initial
priming of HBV-specific T cell responses is believed to occur. Indeed, lymph nodes contain all the cellular elements
needed for T cell priming organized structurally into a unit that brings professional antigen presenting cellsin close
contact with naive T cells (12s,13,14).

Lymph nodes represent the ideal environment also for initial priming of B cells that are generally dependent upon the
helper function of CD4+ T cellsfor their optimal activation (15).

b. T cell-mediated immune response. Important information about the immune events occurring after HBV infection
derives from the study of acutely infected chimpanzees (16) that can develop acute hepatitis and can mount immune
responses to HBV proteins similar to those observed in humans. In this animal model, HBV DNA peaks in the liver
and then starts to decline before biochemical and histological evidence of liver injury. Moreover, the detection of
intrahepatic T cell MRNA is temporally associated with the evidence of liver disease, but CD8 mRNA is undetectable
when HBV -DNA is disappearing from the liver. Thus, most viral DNA (at least 90% in the chimpanzee model) is
cleared without the destruction of liver cells by noncytolytic mechanisms likely triggered by IFN-a and TNF-?
primarily produced by non-T cells. Indeed, macrophages, NK cellsand NK-T cells represent the main cell populations
in theinfected liver before the onset of liver disease.

These conclusions are confirmed by immunological analysis of the early incubation phase of HBV infection in acutely
infected humans (17). Also in human infection HBV replication is efficiently controlled before the onset of clinical
symptomswhen ALT levels are still normal. This confirmsthat HBV is not cytopathic and that virus control can be
achieved without massive and biochemically detectable destruction of infected liver cells. Interestingly, HBV -specific
CD8 T cells are detectable in the peripheral blood of acutely infected human subjects during the early incubation phase.
Moreover, the peak frequency of circulating HBV -specific CTL in humans and intrahepatic CTL in chimpanzees
coincides with clinical onset and ALT elevation.

Although immunological data are not available about early intrahepatic events in human infection, the scenario
emerging from the available data is that IFN-a and I FN-3 produced by infected hepatocytes are primarily responsible
for the recruitment and the activation of cells of the innate immunity into the liver, e.g. macrophages, NKT cells and
NK cells. Once activated, these cells can produce cytokines and monokines that upregulate HLA class | expression on
hepatocytes that normally express HLA class | molecules only weakly. According to this interpretation, the quality and
the magnitude of the innate immune response rather than HBV -specific CTL would start and influence the sequence of
pathogenetic events operative at the early stages of infection. Therefore, initia viral control seemsto be largely
dependent upon non-cytolytic processes but the immune destruction of infected liver cells would represent a
complementary mechanism needed to achieve afull and persistent control of the infection. These conclusions are also
supported by the observation that duck and woodchuck hepatitis viruses can be efficiently cleared without massive
hepatic necrosis even when all of the hepatocytes are infected (18), suggesting that noncytolytic clearance mechanisms
may be operative in those models also. The observation that the maximal frequency of HBV-specific CD8 cellsin
natural HBV infection is detected in the circulation by tetramer staining concurrently with the peak of liver damage
supports the view that this cell population plays an important role in the pathogenesis of liver damage (19).
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A vigorous and Thl oriented HLA class |1 restricted peripheral blood T cell responseto HBcAg and HBeAgis
detectable in virtualy al patients during the symptomatic phase of acute self-limited hepatitis B and it appears to be
directed against several epitopes, afew of which are strongly immunodominant and widely recognized by patients with
different HLA backgrounds (19-23). The detection of a strong CD4-mediated response to nucleocapsid antigens during
acute hepatitis B is temporally associated in most patients with the clearance of serum HBV envelope antigens (19,24).
Release of cytokines by CD4 cellsin response to HBV nucleocapsid antigensis likely required to supplement the
antiviral activity of CTL-mediated events and to allow optimal activation of HBV-specific CTL to fully control the
infection.

Surprisingly, HBV-specific helper and cytotoxic T cells are still present in an activated state several years after
recovery from acute hepatitis (25,26). These responses seem to be maintained by continuous stimulation by minute
amounts of persisting virus detectable only by PCR. Therefore, resolution of disease does not imply complete
eradication of infection but more likely reflects the capacity of anti-viral CD4 and CD8 cells to keep HBV under tight
and persistent control.

c. B cell function. Antibody production is critical for the neutralization of free HBV particles and for the interference
with virus entry into the host cells. Therefore, protection by antibodies is most important before invasion of the host
cells; afterwards, antibodies can contribute to limit cell to cell spread of viral particles but elimination of intracellular
virus becomes the principal task of HLA class| restricted CTL and other effector cell types non-specifically recruited
to the site of infection (24). Indeed, recognition of virally infected cells by antibodies and their killing through
complement-mediated cytotoxicity or ADCC are less efficient than activation of HLA class| restricted CTL that
require no more than 100 peptide/HLA complexes for activation. This high efficiency isin contrast with the millions of
antibody molecules which are needed to destroy virally infected cells through a complement-mediated mechanism (27).

Anti-envelope antibodies are efficiently produced by patients who recover from acute infection and become positive by
commercia assays (that detect only free antibodies) only after resolution of hepatitis and clearance of HBSAQ.
Actualy, the antibody response starts much earlier after infection, but anti-envelope antibodies are not detectable
because complexed with the excess of envelope antigens produced during virus replication (24).

While the neutralizing activity of anti-envelope antibodiesiswell documented, the pathogenetic role of the antibody
response to the nucleocapsid antigens and to the HBV non-structural proteins still remains a debated issue. It is
generally accepted that anti-HBc antibodies do not express virus-neutralizing activity, but protection of chimpanzees
against HBV infection by passive immunization with anti-HBe antibodies has been observed, suggesting a possible but
still undefined role for these antibodies in virus neutralization (28).

The antibody production by B cellsisgenerally aT cell dependent phenomenon that requires the helper effect of CD4+
T cells through both cognate interaction and release of cytokines needed for differentiation of B lymphocytesinto
antibody producing cells (15). In contrast to the antibody production against HBV envelope antigens and HBeAg that is
strictly T cell dependent, the antibody response to HBCAg has been suggested to be also T cell -independent based on
the finding that antibody production can be induced by HBCcAg in nude athymic mice (29). This property is explained
by the structure of HBcAg (30,31). Clustering of individual HBCAg subunits gives rise to spikes distributed over the
surface of the HBcAg shell that project out of it. The orientation of these spikes, on the top of which the dominant B
cell epitopes are located (30), may be optimal for cross-linking the B cell membrane receptor and can explain the
exceptional B cell activation capacity of the HBV core molecule. These features can also explain the clinical evidence
that anti-HBc antibodies are produced by virtually all HBV infected patients, regardless of their clinical status, and that
their level is particularly high during chronic HBV infection as alikely result of a continuous B cell stimulation by
HBCAQg (24).

HBcAg binding to B cell receptors by repeated epitopes carried by appropriately spaced protein spikes can induce co-
stimulatory molecules on naive HBCAg-specific B cells and can greatly enhance the naive B cell antigen presenting
function compared to non-B antigen presenting cells (32). At the molecular level, HBcAg can be bound by a linear
motif expressed by some heavy and light chains of the B cell receptor (33), thereby providing a basis for HBcAg
binding to a high fraction of naive B cells.
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2. CHRONIC HBV INFECTION

a. Cell-mediated and humoral responses. HBV-specific helper and cytotoxic T cells are generally undetectable in the
blood of patients with chronic hepatitis, who are unable to control the virus and display high degree of liver damage
and high levels of HBV replication (20,21,34-37). Thislow level of responses has been proposed to be due to deletion
by exhaustion, to anergy, to cytokine embalance (24), but also minor populations of HBV -specific CD8 cells has been
described in this setting that are only “partialy tolerant” being unable to bind specific tetramers, to produce IFN-?, to
lyse and to expand following stimulation with the specific peptide (38). Therefore, these cells would be able to escape
peripheral deletion and to persist in the face of ahigh concentration of viral antigens, ignoring the infecting virus.

Suppression of T cell responses is more profound in highly viremic patients (39) and can be at least partially overcome
in the reactivation phases of infection that has been reported to be associated with enhanced levels of peripheral blood
CD4-mediated T cell reactivity to HBV nucleocapsid antigens (40,41). It has been suggested that these responses are
triggered by the increasing concentrations of serum HBeAg and intracellular HBcAg (42). High antigen concentrations
would be required for induction of the T cell response, because of the low avidity of HBCAg and HBeAg-specific T
cellsin chronic patients (43). Hepatitis flares can also be followed by a significant risein IL-12 levelsthat can precede
or occur simultaneously with HBeAg seroconversion (41). The observation that asignificant increasein IL12 and Thl
cytokine production always follow the ALT flares and is detected only in patients who are able to control HBV
replication may support the concept of a non-cytopatic control of virus replication also in chronic hepatitis B (41).

HBeAg and HBcAg-specific CD4 and CD8 cells have been reported to be cross-reactive (21,34-45) because HBcAg
and HBeA(g share most of their amino acid sequences, with the exception of 10 amino terminal residues, deriving from
the intracellular processing of the pre-core gene product, that are present on serum HBeAg but not on particul ate
HBCcAg. However, T cells able to recognize HBeAg but not HBcAg have been described (46). Since these cells can
cause liver damage in vivo when transferred into HBeAg transgenic mice (43) and are cytolytic in vitro against
endogenously synthesized HBeAg (46), it has been proposed that they can play arole in the selection of precore-
negative mutants of HBV. Longitudinal studiesin patients infected by mixed populations of wild type and e-minus
variants of HBV indicate that reactivation of chronic liver disease is generally preceded by the reappearance of serum
HBeA(g resulting from enhanced replication of wild type HBV capable of producing HBeAg (47). When HBeAg
concentration is high enough, activation of low avidity HBeAg-specific CD4 cells would occur, mediating liver injury
and the preferential elimination of liver cells expressing endogenously synthesized HBeAg. Negative selection of
HBeA(g negative mutants will ensue, HBeAg will disappear from serum and the HBeAg reactive T cellswill returnto a
quiescent condition. Although these interpretations are appealing, additional studies are needed to confirm this
sequence of events.

In patients with chronic hepatitis, HBV-specific T cells are more easily detectable within the liver, where their
frequency is however low because they are diluted among alarge number of virus non-specific T cells, that may play
an important role in the pathogenesis of liver cell damage (39,48-51). At this stage of infection most liver infiltrating T
cells are ThO and are able to secrete large amounts of Th2 cytokines (52) which may contribute to the T cell
hyporesponsiveness typical of this condition.

A different situation is present in chronic asymptomatic HBV carriers without signs of liver damage. They have
generally been considered to lack an active CTL response against HBV. However, recent studies carried out by
tetramer staining and functional analysis of circulating and intrahepatic CTL show that functionally active HBV -
specific CD8+ T cells are present in the circulation and the liver of these patients, despite the absence of liver damage
(39). HBV -specific CTL present in the circulation of these patients express the phenotype of antigen-primed resting T
cells, expand efficiently, display cytolytic activity and secrete anti-viral cytokines in vitro upon stimulation with vira
antigen (39). Moreover, a high fraction of liver infiltrating CD8+ T cells are HBV -specific in these patients (39).

The behavior of the CTL response in chronic asymptomatic carriers of HBV supports the notion that control of HBV
replication may be exerted by HBV-specific CTL without causing cell destruction. Indeed, the presence of functionally
active CTL intheliver and circulation of these patientsis associated with inhibition of virus replication in the absence
of liver damage.
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Neutralizing anti-envel ope antibodies are generally undetectable in patients with chronic HBV infection and their
defective production has been widely regarded as an important factor contributing to HBV persistence. However,
studies with sensitive immunoassays (which can detect antibodies also in the presence of excess serum antigen) reveal
that anti-envel ope antibodies are produced in the majority of patients with chronic hepatitis B but they are complexed
with surface antigens present at high concentrations in the serum of these patients (42, 53). Thus, the failure to detect
anti-envel ope antibodies in chronic patients by commercial immunoassays may simply reflect the enormous synthetic
capacity of the liver to produce large amounts of envelope antigen that the immune system cannot neutralize, rather
than defective antibody production per se (24).

b. Mechanisms of chronic viral persistence. For a noncytopathic virus like HBV to persist it must either overwhelm or
not induce an effective antiviral immune response or it must be able to evade it (54). Data from transgenic mice
indicate that neonatal tolerance to HBeAg is a crucial mechanism responsible for the lack of an antiviral immune
response following mother to infant transmission (55), In this context, a cytokine imbalance oriented towards
preferential Th2 responses, as aresult of the capacity of Th2 cells to evade tolerance more efficiently than Thl cells,
has been suggested to favor chronic evolution of HBV infected neonates (56).

The immunological basisfor viral persistence during adult onset infection is not well understood. It iswell known that
the T cell response is much less vigorous in chronically infected patients than it is during acute infection (24).
However, this T cell hyporesponsiveness is more likely to be the consequence of the active viral replication in
persisting chronic infections rather than the primary cause of viral persistence. Peripheral tolerance or exhaustion of the
T cell response by the high viral load that characterizes most persistently infected patients can be its cause (24). In
support of this possibility, recovery of HBV -specific CD4 and CD8-mediated responses has been observed in viremic
HBeAg+ patients following the decline of viremia caused by lamivudine treatment (57,58).

Several observations indicate also arole for soluble HBeAg in the down-regulation of HLA class |1 restricted T cell
responses. |mmunization of mice with HBeAg can favor the production of Th2 cytokines (59) which in turn can cause
suppression of Thl production. In the transgenic mouse model, circulating HBeAg can aso delete Thl cells by Fas-
FasL -mediated mechanisms, leading to predominance of Th2 cells (60). Given therole of Thl cytokinesin the non-
cytolytic control of virusreplication, a T cell response skewed towards a prevalent Th2 profile may contribute to viral
persistence. These findings raise the question of whether and how a Th1/Th2 imbalance actually occurs at the early
stages of HBV infection when the most relevant pathogenetic events determining the outcome of HBV infection are
believed to take place.

Although definitive demonstrations are still lacking, several candidate mechanisms have been proposed to contribute to
HBV persistence. First, there is some evidence that privileged sites may play arole since HBV can infect extrahepatic
tissues (24). Moreover, in HBV transgenic mice that express the virusin the liver and the kidney, circulating HBV
specific CTL can cause hepatitis, but not nephritis, due to the limited access of the CTL to antigen positive cells present
on the other side of microvascular barriers that exist in the kidney but are not present in the liver sinusoid (61).

Second, hepatocytes can be induced to express Fas ligand during an inflammatory response (62) and HBV itself might
be able to induce Fas ligand expression by the hepatocyte. Since infected cells that express Fas ligand can protect
themselves against CTL -mediated injury by actively destroying the CTL viathe same Fas ligand-Fas receptor pathway
that CTL useto kill their target cells (63), individuals with the highest hepatocyte expression of Fas ligand could delete
their HBV-specific CTL more efficiently and, therefore, could have an higher probability to become chronically
infected. All of these theories are testable, but they are strictly speculative at present.

Third, virus-specific CTL that might otherwise become activated by antigen recognition in the immunostimul atory
context of secondary lymphoid organs might be inactivated if antigen is presented in the absence of costimulatory
signalsin the liver. In this context, presentation of soluble antigens by liver endothelia cells has been shown to induce
specific T cell tolerance (64).

Forth, HBV envelope antigens represent an exception to the rule that CTL activation is selectively induced by
recognition of endogenously synthesized antigen, because also exogenous forms of HBV envelope proteins can gain
access to the class | pathway of antigen processing and presentation (65-67). CTL activation by this mechanism has
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been suggested to cause selective killing of HBV envelope-specific B cells acting as antigen presenting cells.
Suppression of the anti-envel ope antibody response might ensue, facilitating chronic evolution of HBV infection (65).

Additionally, viral mutations that abrogate or antagonize antigen recognition by virus specific T cells have been
reported in the context of strong and narrowly focused CTL responses in patients with chronic HBV infection (68,69).
In view of the multispecificity of the CTL response in the acute phase of HBV infection, current data favor the notion
that selection of CTL escape mutantsis most likely to occur after a persistent infection is aready established. Inthis
setting, viral mutations could solidify the chronicity of the infection and perhaps even make it irreversible. Whether
such mutations can also serve as the primary cause of viral persistence in the context of a multispecific T cell response
remainsto be proven.

MAIN CONCEPTSIN HBVY IMMUNOPATHOGENESI S (summary)

1. Humoral immune response to HBV

a. Accepted concepts The antibody response to HBV envelope antigensisa T cell dependent process that plays a
critical rolein viral clearance by complexing with free viral particles, preventing the infection of susceptible cells.

b. Unsolved issues. The role of antibodies to the capsid and nonstructural proteinsin HBV immunobiology is less clear,
although passively administered anti-HBe antibodies have been reported to protect chimpanzees against HBV infection

2. Cell-mediated immune response to HBV
a. Accepted concepts.

@ Elimination of intracellular HBV is caused not only by the cytolytic activity of HBV-specific CTL but also by
the suppression of viral gene expression and replication by soluble factors, including IFNa and TNF?, rel eased
by liver infiltrating T and non-T cells. Thisis supported by the observation that in both human infection and
animal models, control of viral replication and elimination of most HBV -DNA molecules occur before the onset
of liver damage and clinical symptoms.

@ Inacute HBV infection, peripheral blood CD4- and CD8-mediated responses to HBV antigens are easily
detectable in vitro and are much stronger than in viremic patients with chronic hepatitis B; while the HBV
nucleoprotein is the most powerful immunogen for CD4 cells, both structural and non-structural HBV antigens
can be efficient stimulators for CD8 cells.

@ n patients with chronic HBV infection and active viral replication, peripheral blood CD4 and CD8 cells are

hyporesponsive or totally non-responsive to HBV antigen stimulation in vitro as alikely result of their functional

depression in vivo. In these patients HBV -specific CTL are more easily detectable within the liver, where their
frequency islow because they are diluted among a large number of virus non-specific T cells, that are believed to
play an important role in the pathogenesis of liver cell damage.

Soluble HBeAg has been shown to play an important role in the pathogenesis of neonatal T cell tolerance to

HBV.

€ Chronic asymptomatic carriers of HBV show efficient CTL responses to HBV antigens detectable in the
circulation and liver. These findings challenge the previous view that the absence of signs of liver damage was
due to the lack of active CTL responses against HBV.

€ HBV-specific CD4- and CD8-mediated responses are detectable even decades after clinical resolution of acute
hepatitis B and are sustained by residual minute amounts of virus detectable by PCR in the serum of subjects
recovered from acute hepatitis; thisimplies that resolution of acute hepatitis does not mean eradication of
infection but rather control of residual virus by an efficient and persistent immune response.

*

b. Unsolved issues.
@ Therole of theinnate immunity in the evolution of HBV infection must be further clarified.
he cause of the T cell hyporesponsiveness in chronic hepatitis B is still largely undefined. A role for the high
viral load has been suggested by studies of the cell-mediated immune response in patients treated with
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lamivudine; also soluble HBeA(g has been suggested to contribute to the T cell hyporesponsive state.

€ Information about the features of the immune response in different subgroups of patients with chronic HBV
infection and different behavior of viremia and disease activity (i.e. HBeAg+ vs anti-HBe+; persistently elevated
vsfluctuating ALT) are still incomplete. Peaks of disease activity that can precede improvement of liver
inflammation have been reported to be associated with recovery of T cell responsiveness to HBV nucleocapsid
antigens. Since this temporal association is never stringent, the contribution of these phenomenato liver cell
damage and virus control must be further investigated by longitudinal studies carried out with more sensitive
technologies.

3. General unsolved issues

@ Theprimary causes of viral persistence are still unknown. Candidate mechanismsinclude infection of
immunologically privileged sites, deletion of HBV -specific CTL by FAS ligand expressing hepatocytes, anergy
induced by the effect of the liver environment, suppression of the anti-envel ope antibody response by killing of
envelope specific B cells, downregulation of viral gene expression or emergence of viral mutations that abrogate,
anergize or antagonize antigen recognition by virus specific T cdlls.
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