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Abstract

Hepatitis B virus (HBV) is a noncytopathic, hepatotropic, double-stranded DNA virus that causes
acute and chronic hepatitis. Although HBV does not induce a measurable innate immune response
in the infected liver, the outcome of infection is determined by the kinetics, breadth, vigor,
trafficking, and effector functions of HBV-specific adaptive T cell responses, and the development
of neutralizing antibodies. Dysregulation of one or more of these events leads to persistent HBV
infection and a variably severe chronic necroinflammatory liver disease that fosters the
development of hepatocellular carcinoma. Deeper understanding of the mechanisms responsible
for immunological tolerance to HBV is needed in order to devise immunotherapeutic strategies to
cure chronic HBV infection and prevent its life-threatening sequellae.

Introduction

Hepatitis B virus (HBV) is a small, circular, hepatotropic dsDNA virus that causes acute and
chronic hepatitis and hepatocellular carcinoma [1]. Our understanding of the host-virus
interactions that determine the outcome of HBV infection reflects the results of studies
conducted in naturally infected humans, experimentally infected chimpanzees, surrogate
animal models (e.g. woodchucks and ducks infected by closely related hepadnaviruses and
transgenic mice supporting HBV gene expression and replication) and assorted cell culture
systems that support some or all aspects of the HBV life cycle in vitro [1].

It is generally acknowledged that hepatocellular HBV infection is noncytopathic, that it does
not trigger innate immune responses readily measurable in vivo [2], and that robust,
polyclonal and multispecific CD4* and CD8* T cell responses and neutralizing antibody
responses contribute to the resolution of HBV infection. CD4* T cells facilitate induction
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and maintenance of both CD8" T cells and neutralizing antibodies [3]. CD8* T cells kill
infected cells and secrete antiviral cytokines (mainly interferon [IFN]-vy) that inhibit HBV
replication noncytopathically [4,5]. Neutralizing antibodies limit viral spread from residual
productively infected hepatocytes that aren’t eliminated by the CD8* T cells [6]. The virus
persists in the majority of neonatal/perinatal infections and a small minority of adult onset
infections, reflecting the failure of one or more of these aspects of the immune response and
mutational escape from immune recognition; and it secondarily triggers an indolent low
grade chronic necroinflammatory liver disease that can progress to hepatocellular carcinoma
(HCC) [4,7]. Vaccines that elicit neutralizing antibodies to hepatitis B surface antigen
(HBsAQ) efficiently prevent de novo HBV infection [8], but have no therapeutic potential
for the ~ 240 million people that are persistently infected with this virus worldwide [9].
Therapy for these individuals mainly relies on direct acting antiviral (DAA) drugs that
suppress virus production but do not eradicate HBV from the liver, requiring lifelong
treatment [10]. Importantly, chronic HBV infection spontaneously resolves in a small
fraction of patients, usually concomitant with functional restoration of adaptive immunity to
HBV [11,12].

Despite these advances, important aspects of HBV immunobiology and pathogenesis remain
ill defined, especially the immunological mechanisms responsible for viral persistence. A
more complete understanding of these mechanisms is needed before immunotherapeutic
strategies to cure chronic HBV infection can be rationally developed.

Understanding the role of innate immunity in HBV infection

Studies in acutely infected chimpanzees have shown that IFN-a/B, IFN-A, IFN-y and IFN-
stimulated genes [ISGs] are not measurably induced during the initial spread of HBV
throughout the liver (i.e. before the arrival of T cells) [2,13], indicating that HBV replicates
noncytopathically and remains largely undetected by the infected hepatocytes or by
intrahepatic innate immune cells such as NK and NKT cells.

Recently, Sato et al showed that i) low levels of IFN-) and selected ISGs are transiently
induced in HBV-infected primary human hepatocytes and ii) modest IFN-A elevation is also
observed after transfection of a human hepatoma cell line with a region of pregenomic HBV
RNA that is required for viral replication [14]. Other studies in mouse models and human
hepatocytes have shown that HBV gene expression can activate NKT cells [15,16] that
recognize specific lysophospholipids presented by HBV-positive hepatocytes [17]. It is
interesting to note that HBV replication in transgenic mice and hepatocyte cell lines is
profoundly suppressed by IFN-a/p [18-20] IFN-A[21], and IFN-y produced by activated
parenchymal and nonparenchymal liver cells (including NK and NKT cells) [22,23], or in
response to toll like receptor (TLR) activation [24]. Although the relevance of these reports
to the natural history of authentic HBV infection remains to be determined, they suggest that
HBYV is exquisitely sensitive to the innate host response, such that therapeutic activation of
the innate immune response might contribute to viral clearance in chronically infected
patients.

Accordingly, oral administration of a TLR7 agonist capable of stimulating robust IFN
responses in plasmacytoid dendritic cells induces HBV suppression in chronically infected
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chimpanzees [25,26]. Of note, this antiviral activity is associated with activation of
intrahepatic NK, NKT, and T cell responses that produce IFN-y [25]. Pertinent to this, the
human liver, unlike the mouse liver, contains relatively few NKT cells [27]. However, the
human liver is enriched in NK CD56 bright cells and mucosal-associated invariant T
(MAIT) cells [28] that secrete large quantities of IFN-y in response to specific cytokines
(e.g. IL-12 and IL-18) induced by TLR8 agonists [29]. IL-12 has also been shown to
promote functional recovery of exhausted HBV-specific CD8" T cells [30]. Collectively,
these results appear to justify the testing of TLR8 agonists in chronically infected patients.
There is one important caveat, however, since the same NK cells were shown to kill HBV-
infected hepatocytes [31] and they have the unexpected potential to kill HBV-specific CD8*
T cells [32]. These findings suggest that potentially positive effects linked to NK cell
activation (e.g., the production of antiviral cytokines such as IFN-y) could be overwhelmed
by excessive liver pathology and suppression of adaptive immunity. Human studies intended
to explore the clinical benefit of activating innate immune responses will have to consider
these possibilities.

It is also worth mentioning that recent mouse studies showed that systemic administration of
a TLR9 agonist induces the formation of hepatic aggregates of myeloid cells (i.e. IMATES:
intrahepatic myeloid-cell aggregates for T cell population expansion) that promote the
expansion of antigen experienced intrahepatic CD8* T cells favoring viral clearance [33].

Understanding the role of adaptive immunity in HBV infection

As mentioned earlier, adaptive immune responses, particularly the HBV-specific CD8* T
cell response, play a key role in viral clearance and disease pathogenesis. Hence the failure
to prime, expand or differentiate an effector memory T cell response to HBV or effective
evasion of that response could be responsible for viral persistence

Both viral and host factors are thought to contribute to HBV persistence. Viral factors
include the possibility that circulating hepatitis B e-antigen (HBeAg) functions as a
tolerogenic protein promoting anergy of HBcAg/HBeAg cross-reactive T cells [34,35],
although these results were produced in transgenic mice and have not been confirmed in
humans. Circulating hepatitis B surface antigen (HBsAg) may also be immune suppressive
since defective peripheral HBsAg-specific T cell responses in chronically infected patients
correlate with serum HBsAg titers [36]. Unfortunately, the extent to which these results
reflect suppressive effects of HBsAg on the T cell response or the consequence of a deficient
T cell response has never been resolved. Mutational inactivation of HBV-derived B cell or T
cell epitopes and mutational selection of epitope residues that anergize or antagonize TCR-
dependent recognition by CD8* T cells in infected patients have been suggested as
additional mechanisms favoring HBV persistence [37,38].

That host factors determine infection outcome is supported by the fact that most neonatal/
perinatal HBV infections and some adult onset infections result in immune tolerance and
chronicity [4]. Why T cell responses are quantitatively deficient and functionally inadequate
to terminate infection in these settings remains ill defined. Numerous observations in
surrogate animal models and HBV-infected patients suggest that several nonexclusive
mechanisms contribute to viral persistence.
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Studies in HBV transgenic mice have demonstrated that naive HBV-specific CD8* T cells
primed by hepatocellular antigen presentation fail to differentiate into IFN-y-producing
cytolytic effector memory cells, i.e. they display an “exhausted” phenotype [39]. T cell
exhaustion is mediated by the activation of programmed cell death protein 1 [PD1]-
dependent negative regulatory signals induced by PD-L1-expressing hepatocytes in the
absence of positive costimulation [39]. As the inhibitory PD1-PD-L1 axis can be interrupted
or overcome by infusion of agonistic anti-CD40 antibodies that presumably activate positive
costimulatory signals in intrahepatic nonparenchymal cells [39], therapeutic strategies, like
CDA40 activation, that overcome the negative impact of checkpoint inhibitors may lead to
functional T cell priming and viral clearance in chronically infected patients. In keeping
with this, hepatic lymphoid structures consisting of professional antigen presenting cells
(e.g. macrophages, DCs and B cells) have been shown to promote functional T cell priming
in the mouse liver [40] and liver sinusoidal endothelial cells (LSECs) that cross-present
circulating exogenous antigen can also prime naive CD8* T cells properly [41]. Whether
these events can be activated therapeutically in the liver of chronically infected patients
remains to be determined.

Naive or antigen experienced HBV-specific T cells could also become anergic or exhausted
as a result of i) activation of additional negative regulatory pathways involving cytotoxic T-
lymphocyte antigen-4 (CTLA-4) or T-cell immunoglobulin and mucin 3 (Tim-3) [42,43], ii)
antigen overload and excessive T cell stimulation [12], iii) action of regulatory T cells [44]
and iv) relative intrahepatic abundance of selected cytokines (e.g. IL-10 or TGF-beta) or
enzymes (e.g. arginase) with immunosuppressive potential [45,46]. All together, these
results indicate that primary and secondary immunological unresponsiveness to HBV
apparently contributes to the establishment of persistent infection (see also Figure 1).

For viral clearance to ultimately occur, functionally primed and expanded HBV-specific
CD8™ T cells must also traffic throughout the liver, recognize antigen and deploy effector
functions. Dynamic imaging in HBV-replication competent mice has recently shown that
circulating CD8* T cells initially arrest in liver sinusoids by docking onto sinusoidal
endothelial cell-adherent platelets [47]. CD8* T cells then crawl intrasinusoidally and probe
underlying hepatocytes by extending filopodia-like protrusions through sinusoidal fenestrae,
whereupon they recognize hepatocellular antigen, produce IFN-y and kill HBV-replicating
hepatocytes from within the intravascular space [47]. Notably, hepatocellular Ag recognition
by HBV-specific CD8* T cells is inhibited by the processes of sinusoidal defenestration (i.e.
the reduction in number and size of sinusoidal fenestrae) and sinusoidal capillarization (i.e.
the deposition of extracellular matrix underneath the sinusoidal wall) [47], both of which are
characteristic of liver fibrosis [48]. This suggests that CD8* T cells might have impaired
antigen recognition capacity in fibrotic patients.

Human studies intended to explore the clinical benefit of endogenously inducing functional
CD8" T cell responses will also have to consider this possibility. Similar concerns should
apply to approaches aimed at exogenously infusing autologous CD8* T cells that are
reprogrammed to express HBV-specific TCRs into patients [49,50]. Of note, autologous
CD8* T cells modified to express an HBsAg-specific TCR have been recently infused in a
patient suffering from HBsAg-positive extrahepatic HCC metastases [51].
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On a final note, it is worth mentioning that - along with viral factors that include the
deregulation of procarcinogenic genes due to HBV DNA integration and/or the expression
of HBV-derived procarcinogenic polypeptides [7] - the dysfunctional adaptive immune
response that fails to eliminate HBV during chronic infection likely plays a relevant role in
the pathogenesis of HCC. Indeed, studies in a mouse model of immune-mediated chronic
hepatitis indicate that HBV-specific CD8" T cells can maintain an indolent low grade
chronic necroinflammatory liver disease that promotes hepatocellular proliferation and
exposes proliferating hepatocytes to inflammatory mutagens, ultimately triggering HCC
development [52,53]. Building on the observation that platelets are instrumental to
intrahepatic CD8" T cell homing [47,54], this same mouse model has been recently utilized
to demonstrate that low doses of the anti-platelet drugs aspirin and clopidogrel prevent the
onset of HCC and greatly improve overall survival [55]. These outcomes are preceded by
and associated with reduced accumulation of pathogenic, IFN-y-non-producing HBV-
specific CD8™ T cells in the liver [55], indicating that a functionally inefficient CD8* T cell
response is both necessary and sufficient to induce hepatocellular transformation.

Concluding Remarks

Based on the evidence summarized herein, it is clear that continuing analysis of the host-
virus interactions that determine the outcome of HBV infection is needed if we are to
develop curative strategies for chronic HBV infection. Relevant to this, it is important to
point out that a cure for HBV requires that the covalently closed circular (ccc) DNA, the
HBYV transcriptional template in the nucleus of infected hepatocytes [1], must be eliminated,
which almost never occurs after DAA treatment [10]. By contrast, cccDNA is readily
cleared from the liver of patients and chimpanzees that resolve an acute HBV infection in
the context of a functionally efficient adaptive immune response [4]. Interestingly, cccDNA
clearance in chimpanzees starts to occur prior to the manifestation of liver injury and
concomitant with the appearance hepatic IFN-y expression [2,13,56], suggesting that
cytokine-mediated noncytolytic elimination of cccDNA is possible. Future studies aimed at
addressing this and other immune-correlates of viral clearance and the means by which such
events can be deregulated will not only improve our understanding of HBV immunobiology,
but they may also lead to the design of immune-based approaches for the treatment of
persistent HBV infection and its life-threatening complications. Immunotherapy - whether
by vaccination or cytokine induction with or without checkpoint inhibition - will be
challenging, however, because the breadth and magnitude of the HBV-specific T cell
repertoire are severely diminished in chronically infected patients and the remaining effector
functions are severely impaired [12]. Moreover, since a single infectious HBV particle is
sufficient to initiate an infection that can spread to all of the hepatocytes [57], durable viral
clearance will require the coordinated induction of (1) CD8" T cell-mediated destruction of
all, or nearly all, of the infected cells without triggering hepatic decompensation, and/or (2)
cytokine-mediated noncytolytic elimination of cccDNA from the hepatocyte, the feasibility
of which has not yet been convincingly achieved and, thus, may not be possible, plus (3) a
robust neutralizing antibody response that prevents viral spread from any remaining infected
cell to uninfected or cured cells in the liver. Nonetheless, in the absence of available
antivirals that directly target cccDNA, it is imperative to vigorously pursue
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immunotherapeutic approaches to terminate chronic HBV infection, since a robust,
multispecific, and well coordinated B and T cell response to HBV has been abundantly
shown to be capable of doing the job [4].
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Figure 1. Potential mechanisms of immunological unresponsiveness to HBV that promote viral
persistence

A weak T cell response is presumably the main cause for HBV persistence. HBV-specific T
cells could be anergized or exhausted by negative signals delivered via PD-1, CTLA-4, and
Tim-3. Tregs, IL-10, TGF- 8, and arginase could also suppress HBV-specific T cell
responses. NK cells may also contribute to viral persistence by depleting HBV-specific T
cells. Finally, APCs that acquire secreted subviral particles and proteins may develop
immunoregulatory functions.
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