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Chronic hepatitis B virus (HBV) infection is a major global health burden affecting
around 257 million people worldwide. The consequences of chronic HBV infection
include progressive liver damage, liver cirrhosis, and hepatocellular carcinoma. Although
current direct antiviral therapies successfully lead to suppression of viral replication
and deceleration of liver cirrhosis progression, these treatments are rarely curative and
patients often require a life-long therapy. Based on the ability of the immune system to
control HBV infection in at least a subset of patients, immunotherapeutic approaches are
promising treatment options to achieve HBV cure. In particular, T cell-based therapies
are of special interest since CD8* T cells are not only capable to control HBV infection
but also to eliminate HBV-infected cells. However, recent data show that the molecular
mechanisms underlying CD8% T-cell failure in chronic HBV infection depend on the
targeted antigen and thus different strategies to improve the HBV-specific CD8* T-cell
response are required. Here, we review the current knowledge about the heterogeneity of
impaired HBV-specific T-cell populations and the potential consequences for T cell-based
immunotherapeutic approaches in HBV cure.
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INTRODUCTION

Infection with Hepatitis B virus (HBV) represents one of the major causes of morbidity and
mortality worldwide. Despite the availability of a prophylactic vaccine for over 30 years, the number
of infections remains dramatically high. Approximately, 257 million people globally suffer from
chronic HBV infection (1). Current antiviral treatments such as nucleos(t)ide analogous (NUCs)
can effectively inhibit HBV polymerase activity and decelerate the disease progression (2). However,
there is a low prevalence of HBs antigen loss and anti-HBs seroconversion in patients undergoing
NUC therapies and therefore a continuous clinical follow-up is necessary (3). In the clinical
setting, HBs antigen persistence is a key marker for the diagnosis of chronic HBV infection. Anti-
HBs seroconversion in turn is a marker for sustained viral control by the cellular and humoral
immune response and thus is defined as “functional cure”. Identification of new therapeutic
targets and development of additional therapeutic approaches are urgently needed. Antibody-
mediated depletion studies in acutely HBV infected chimpanzees highlighted HBV-specific CD8"
T cells as the main effector cells that contribute to immunological control. In fact, in this study,
a prolonged viremia was observed until the reappearance of HBV-specific CD8" T cells in the
blood and liver (4). In contrast, the development of a persistent HBV infection is associated with
a compromised HBV-specific CD8" T-cell response (5). The mechanisms underlying the impaired
HBV-specific CD8* T-cell dysfunction are still not completely understood. Recently, it was shown
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that the dysfunctional HBV-specific CD8" T cells differ with
respect to the targeted HBV antigens. Therefore, different
strategies may be required to improve the HBV-specific CD8*
T-cell response. In this article, we focus on the heterogeneity of
HBV-specific CD8™ T cells and the potential for reinvigoration
of these populations during chronic HBV infection.

MECHANISMS OF T-CELL EXHAUSTION IN
CHRONIC HBV INFECTION

Chronic HBV infection is associated with an impaired HBV-
specific CD8™ T-cell response. Although the HBV-specific CD8"
T-cell response is initially induced, several phenotypic and
functional deficiencies can be observed under the conditions
of antigen persistence. These so-called exhausted CD8" T
cells represent a unique immune cell differentiation stage
that was first described in mice chronically infected with
the lymphocytic choriomeningitis virus (LCMV). In chronic
HBV, early studies analyzing HBV-specific CD8" T cells
during persistent HBV infection also showed an compromised
functionality of HBV-specific CD8' T cells including reduced
production of the antiviral cytokine interferon y (IFNy) and
the immunomodulatory cytokine interleukin 2 (IL-2), as well
as the loss of cytotoxicity and impaired proliferative capacities
(6-8). Further studies showed that these functionally exhausted
HBV-specific CD8" T cells displayed a high expression of
multiple inhibitory receptors like programmed cell death protein
1 (PD1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
lymphocyte-activation gene 3 (LAG3), T-cell immunoglobulin
mucin domain-3 (TIM3), CD244/2B4, or CD160. The co-
expression of these markers contributes to T-cell dysfunction
by excessive T-cell suppression (6, 9-14). Moreover, HBV-
specific CD8' T cells are characterized by an impaired T-cell
homeostasis. In particular, the intracellular expression of the pro-
apoptotic protein BCL2-interacting mediator (BIM) has been
shown to be increased in chronically HBV-infected patients and
to drive the decline of HBV-specific CD8™ effector T cells (15).
A specific transcriptional profile has also been ascribed to the
exhausted HBV-specific CD8™ T-cell phenotype (8, 16). In fact,
the expression patterns of T-bet and Eomesodermin (Eomes)
have been shown to tightly regulate differentiation of exhausted
HBV-specific CD8" T cells. Specifically, a dysregulated T-bet
expression was found in exhausted HBV-specific CD8" T cells,
whereas Eomes was shown to compensate for the lack of T-
bet (8). Recently, ex vivo transcriptome analysis of exhausted
HBV-specific CD8" T cells in chronically infected patients also
revealed substantial mitochondrial dysfunction and impaired
metabolism (16). These mitochondrial alterations contribute to
the functional exhaustion in these patients (16, 17). Noteworthy,
in vitro manipulation reinvigorated the antiviral activity of
exhausted HBV-specific CD8" T cells in short-term cultures.
In these experiments, the addition of mitochondrion-targeted
antioxidants or cytokines partly restored the cytokine production
of these cells (16, 17).

Although excessive antigen triggering seems to be a main
driver of T-cell exhaustion, several other factors may also play

an important role (18). These include limited CD4" T-cell help
(19-23), the induction of suppression by regulatory T cells
(Tregs) (24-27) and an immunosuppressive liver environment
which is also characterized by the action of immunosuppressive
cytokines such as IL-10 and transforming growth factor P
(TGEB) (23, 28).

Taken together, HBV-specific CD8% T cells clearly show
phenotypic and functional evidence of T-cell exhaustion
in chronically infected patients. Noteworthy, recent studies
demonstrated that exhausted CD8" T cells do not represent a
homogeneous T-cell population but are rather heterogeneous in
phenotype and function.

T-CELL HETEROGENEITY—LESSONS
FROM LCMV MOUSE MODEL

The LCMV mouse model first strongly contributed to dismiss
the initial view about exhausted T cells to be a homogeneous
dysfunctional population. Early studies have reported different
subsets of exhausted LCMV-specific CD8' T cells with
distinct phenotypic and functional characteristics (Figure 1).
The classification of these subsets is based on distinct
expression patterns of the inhibitory receptors PD1 and CD44.
In fact, two distinct exhausted LCMV-specific CD8" T-cell
subpopulations can be distinguished: the less functionally
exhausted PD1™CD44M T-cell subset and the terminally
exhausted PD1MCD44™ counterpart (29, 30). Subsequently, by
studying co-expression of the two T-box transcription factors T-
bet and Eomes (31), it could be shown that the PD1 T-cell
subset was largely T-bet"® and Eomes!®. This exhausted CD8" T-
cell subset functions as a progenitor population with improved
proliferative capacity and cytokine production. In contrast,
the terminally exhausted PD1™ T-cell population has a quite
unique expression pattern with a particularly high expression
of Eomes and low expression of T-bet. Interestingly, some
functionality was also retained from this PD1"T-bet™Eomes"
T-cell subset indicating that both exhausted CD8" T-cell subsets
are required to sustain viral control (31). Additional studies
provided further evidence that these two exhausted CD8™" T-cell
subsets are in a progenitor/progeny relationship. For example,
the transcription factor T-cell factor 1 (TCF1) plays a central role
(32, 33), as it is important for the establishment of CD8" T-cell
memory and for T-cell proliferation (34). Thereby, TCF1+PD1int
LCMV-specific CD8% T cells represent a circulating T-cell
subpopulation that sustains the LCMV-specific CD8™" T-cell pool
during chronic viral infection (32, 33). Additionally, in lymphoid
tissue, a population of chemokine receptor CXCR5 expressing
TCF1*tPD1™ LCMV-specific CD8" T cells has been described
that gives rise to the terminally exhausted T-cell pool in the
periphery (35, 36). Overall, these combined findings revealed
the functional T-cell heterogeneity within exhausted LCMV-
specific CD8' T cells. The biological importance of this T-
cell heterogeneity in chronic infections was demonstrated by
immunotherapeutic interventions, where the proliferative burst
upon PD1 pathway blockade was almost exclusively restricted
to the less differentiated progenitor/memory-like populations. In
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FIGURE 1 | Heterogeneity of exhausted LCMV-specific CD8™ T cells. The identification of functionally distinct T-cell subpopulations within exhausted LCMV-specific
CD8* T cells has enabled the definition of their lineage dynamics. Despite the epigenetic fingerprint of T-cell exhaustion, the expression patterns of several
phenotypical and transcriptional markers can discriminate between less exhausted and terminally exhausted LCMV-specific CD8% T cells. While the early
differentiated LCMV-specific CD8* T-cell subpopulation is defined by co-expression of PD1, CXCRS5, and TCF1 and provides a strong response to therapeutic stimuli,
the more differentiated PD1i"t TCF1+ LCMV-specific CD8™ T-cell subpopulation still harbors some effector function. In contrast, the terminally exhausted PD1 hi,
Eomesh LCMV-specific CD8% T-cell population exhibit a more severely impaired functionality and is unresponsiveness to immunotherapies.
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contrast, the terminally differentiated subset of exhausted LCM V-
specific CD8™ T cells showed only a slight improvement in the
T-cell response to PD1 pathway blockade that was associated
with protective immunity (29, 31, 35, 36). However, PD1 pathway
blockade does not fully restore exhausted CD8" T cells due to
an epigenetic imprinting of T-cell exhaustion (37-39). In fact,
exhausted LCMV-specific CD8" T cells differ from effector and
memory CD8™ T cells by ~6,000 open chromatin regions. The
comprehensive characterization of the genomic profile revealed
significant alterations in the expression of genes encoding
inhibitory receptors as well as transcription factors and genes
controlling TCR signaling pathways, costimulatory and cytokine
signaling, and cellular metabolism (38, 39). Furthermore, in
several recent studies, the HMG box transcription factor TOX
was identified as master regulator of T-cell exhaustion (40-
42). In particular, a robust expression of TOX induces the fate
commitment of an exhausted and dysfunctional phenotype in
CD8* T cells by driving epigenetic remodeling events at key
gene loci (40, 41). Of note, despite this TOX-mediated epigenetic
fingerprint of T-cell exhaustion, there are still differences in
the epigenetic landscape of TCF1~PD1M vs. TCF1TPD1™"t cells
pointing toward stem-cell like characteristics of the latter subset
within the exhausted LCMV-specific CD8" T-cell population
(43). In sum, these data clearly show that CD8" T-cell exhaustion
represents a distinct and stable differentiation lineage comprising
different subsets that respond differently to therapeutic stimuli.

HETEROGENEITY OF EXHAUSTED
HBV-SPECIFIC CD8* T CELLS

Recently, the co-existence of heterogeneous and distinctly
differentiated ~ exhausted  virus-specific = CD8'T  T-cell
subsets in human chronic viral infections such as human
immunodeficiency virus (HIV) (44, 45) and chronic Hepatitis
C virus (HCV) infection (46) have also been reported.

Specifically, HCV-specific CD8" T cells can be divided in
distinct subsets based on the CD127/PD1 co-expression patterns.
The CD127~PD1M HCV-specific CD81 T-cell subpopulation
clearly showed hallmarks of terminal differentiation, such as high
levels of inhibitory receptors, indicating severe exhaustion in this
subset. In contrast, the CD1277PD1+ HCV-specific CD8" T-cell
subset remarkably shared phenotypic and molecular properties
with conventional memory CD8" T cells. However, this subset
also displayed characteristics of T-cell exhaustion such as an
expression of PD1 and low functionality in terms of proliferation
and cytokine production. Therefore, this population is referred to
as memory-like (46). In HBV, previous studies on the phenotype
of HBV-specific CD8" T cells were often hampered by the
low frequency of CD8™ T cells present in the peripheral blood
of chronically HBV-infected patients (14). Recently, we have
deployed pMHC 1 tetramer-based magnetic bead enrichment
approaches to increase the number of detectable HBV-specific
CD8™ T cells and thereby improving the potential for analyzing
their phenotype, function, and subset distribution. By using
this approach, we were able to detect HBV-specific CD8*
T cells in the majority of chronically HBV-infected patients
with low viral load. Subsequently performed in-depth analyses
revealed that HBV-specific CD8" T-cell populations are indeed
also heterogeneous on a subset level (Figure 2). Based on the
CD127/PD1 co-expression analyses, we were able to ascribe the
existence of distinct HBV-specific CD8* T-cell subsets including
less differentiated memory-like CD127TPD1" and terminally
exhausted CD127 PD1T subpopulations. Interestingly, in
contrast to HCV-specific CD8" T cells, the memory-like
CD127tPD1t subset predominates in chronically HBV-infected
patients with low viral load. This subset is further defined by
markers characteristic for memory T cells like BCL2 and TCF1.
Importantly, in contrast to conventional memory CD8' T
cells, HBV-specific CD8" T cells also uniformly express PD1.
Altogether, HBV-specific CD8" T cells exhibit a distinct subset
distribution in the setting of chronic HBV infection (47).
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FIGURE 2 | Exhausted HBV-specific CD81 T-cell subsets. CD127/PD1 co-expression analysis of exhausted HBV-specific CD8 T cells showed the existence of
distinct subsets. While HBV-specific CD8™ T cells were predominant in the CD127+tPD1F memory-like subset, the more severely exhausted CD127~PD1+ subset
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Heterogeneity of HBV-specific CD8% T cells is also existent
on the level of the targeted antigens. Indeed, immunological
characterization of transgenic mice has already shown a
hierarchy of dominant and subdominant HBV antigens with
various frequencies and antiviral activity (48-50). Recently,
studies in chronically HBV-infected patients also observed
different properties of HBV-specific CD8" T cells targeting
different HLA-A*02:01 restricted epitopes located in the core
(corejg_z7: FLPSDFFPSV), envelope (envig3—j191: FLLTRILTI),
and polymerase (polsss—_463: GLSRYVARL) proteins (Table 1).
First, the frequencies of HBV-specific CD8" T cells targeting
the different epitopes varied significantly. Core;s-specific
CD8™ T cells were present in a higher frequency compared to
polyss-specific CD8' T cells, whereas env;g3-specific CD8"
T cells were rarely detectable in patients with chronic HBV
infection (47, 51). The low frequency of envg3-specific CD8"
T-cell responses was generally related to the high levels of
HBs antigen and is thus most likely caused by deletion as a
consequence of hyperactivation. Second, differences within the
CD127/PD1-based subset distribution were observed between
corejg- and polyss-specific CD8" T cells in chronically HBV-
infected patients. Precisely, polyss-specific CD8" T cells showed
a diminished proportion of the memory-like CD127FPD1"
subset compared to corejg-specific CD8" T cells (47). This
finding together with the distinct expression of killer cell
lectin like receptor G1 (KLRG1), Eomes and CD38 on polyss-
specific CD8T T cells reflected a higher degree of terminal
T-cell exhaustion compared with core;g-specific CD8" T cells
(47, 51). The different exhaustion profile of both HBV-specific
CD8" T-cell subpopulations was further underpinned by the
functional analyses revealing decreased expansion capacity of
polyss-specific CD8T T cells which was linked to a dysregulated
TCF1/BCL2 expression (47). Thus, these findings give a first
hint that T-cell failure of HBV-specific CD8™ T-cell populations
may occur due to different molecular mechanisms. Additionally,

in both studies (47, 51), phenotypic and functional differences
of HBV-specific CD8" T cells targeting core vs. polymerase
epitopes were also evident in the context of non-HLA-A*02
alleles (HLA-A*01:01: coresg_3g: LLDTASALY; HLA-A*11:01:
coregg_9s: YVNVNMGLK; corejq;—150: STLPETVVRR; HLA-
A24:02: corej;7—125: EYLVSEGVW, p01756—764: KYTSFPWLL;
HLA-B*08:01: COre 23 —130: GLKILQLL, HLA-B*35:01: Ccorejg_n7:
LPSDFFPSV, P01173—181: SPYSWEQEL; HLA-B51:01: corejg_n7:
LPSDFFPSV; HLA-B*40:01: polyo—43: AEDLNLGNL) indicating
an antigen-related phenomena. In line with this observation,
another recent study also highlighted different exhaustion
profiles of HBV-specific CD8" T cells targeting different HLA-
A*11:01 restricted epitopes within the core and polymerase
antigens (coreig9—179: STLPETAVVRR and P013877396:
LVVDESQESR) (52). Furthermore, Cheng et al. showed that
HBV-specific CD8" T-cell heterogeneity is also associated with
the status of HBV infection (52). Still, a more comprehensive
study is required to precisely dissect the impact of epitope,
HLA-restriction, antigen, and disease status on HBV-specific
CD8* T-cell heterogeneity. Another open point that needs to
be addressed in future studies is the HBV-specific CD8' T-cell
heterogeneity within the liver since current studies have focused
on circulating lymphocytes within the blood and thus the effect
of a possible compartmentalization has not been taken into
account. This knowledge might be of particular importance for
immunotherapeutic approaches since different strategies have
potentially to be applied to boost the heterogeneous HBV-specific
CD8™" T-cell populations.

The mechanisms responsible for different exhaustion profiles
of circulating HBV-specific CD8" T cells specific for distinct
HBV antigens are still unclear (Figure 3). Nevertheless, one
hypothesis is that different quantities of HBV antigens produced
in infected hepatocytes may play a role in this process. In
particular, in the infected liver, HBc antigen is present in higher
amounts compared to polymerase antigen (53). This seems
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TABLE 1 | Different facets of exhausted HBV-specific CD8T T cells targeting
different antigens.

Core Pol
Frequency +++ ++
Memory-like subset TCF11 TCF11
BCL21 BCL2|
Expansion capacity 4 1
Degree of T-cell exhaustion N 1

contradictory to the less exhausted phenotype of corejg- vs.
polyss-specific CD8T T cells (47, 51). Since antigen recognition
is one of the main drivers of T-cell exhaustion, one possible
explanation for this phenomenon is that the processing and
presentation of core peptides is altered which may affect the
corejg-specific CD8% T-cell activation. Thus, HBV antigen
presentation rather than solely the antigen level may contribute
to HBV-specific CD8" T-cell heterogeneity. A recent study
showed that HBV antigen presentation is also heterogeneous
within an HBV-infected liver. Indeed, HBV-infected hepatocytes
expressed antigens in different quantities and localizations and
from different sources resulting in a non-uniformal HLA class
I/HBV epitope presentation in the liver and thereby triggering
different level of HBV-specific CD8' T-cell activation (54).
Moreover, antigens produced and secreted in high quantities by
HBV-infected hepatocytes such as HBc antigen may be presented
either by hepatocytes themselves or cross-presented by other
professional antigen-presenting cells (55). Thus, the different
initial CD8% T-cell priming process along with differences
in quality and dynamics of epitope processing may lead to
different antiviral efficacies of HBV-specific CD8% T cells
targeting different specificities. Additionally, viral escape also
affects antigen recognition and thus may contribute to HBV-
specific CD8™ T-cell heterogeneity. Of note, in contrast to the
previous studies on escaped epitopes in chronic HCV (56),
the presence of HBV sequence variations within the core;g
epitope did not alter the functional or phenotypic fingerprints
of corejg-specific CD8" T cells at all (47, 51). Several other
mechanisms probably may also favor HBV-specific CD8' T-
cell heterogeneity such as different TCR affinity/avidity, a poor
or missing CD4" T-cell help or immunosuppressive cytokines
produced by Tregs and dendritic cells (DCs) (57). Hence, further
studies are required to identify and dissect the determinants
of HBV-specific CD8" T-cell heterogeneity. Overall, these new
findings showed that circulating HBV-specific CD8" T cells are
not equal and in fact are differentially characterized depending
on their antigen specificity.

APPLICATION OF EXHAUSTED
HBV-SPECIFIC CD8* T-CELL
HETEROGENEITY TO IMMUNOTHERAPY

Since the discovery of T-cell exhaustion, researchers are
investigating the potential for functional restoration of
exhausted T-cell populations. Such approaches aim to restore an
endogenous dysfunctional antiviral immune response. Indeed,
great efforts have been made to boost HBV-specific CD8"

T-cell responses by blocking the interactions of inhibitory
receptors with their ligands (e.g., PD1, CTLA-4, or CD244/2B4
pathway blockade). In vitro studies have shown an at least partial
restoration of HBV-specific CD8™ T cells including an enhanced
proliferative potential and increased cytokine production upon
checkpoint pathway blockade (6, 9, 11-14). Recently, a pilot
study performed in HBeAg negative chronically HBV-infected
patients treated with nivolumab (PD-1 pathway blockade)
showed a modest decline of HBsAg in most of the patients, while
one patient even achieved a sustained HBs antigen loss and
anti-HBs seroconversion (58). However, treatment of patients
with advanced hepatocellular carcinoma and HBeAg negative
chronic HBV infection with nivolumab in a phase 1/2 clinical
trial had no effect on antiviral immune response and caused
no anti-HBs seroconversion (59). The above reviewed recent
research offers a novel perspective on the complexity of the
T-cell response present in chronically HBV-infected patients
that needs further investigation in light of immunotherapy, in
particular with respect to responsiveness and antiviral efficacy.
So far, it is still not understood which HBV-specific CD8* T-cell
subpopulation might endow with a better antiviral activity.
The current findings suggest that corejg-specific CD8" T cells
have a less impaired functionality than polyss-specific CD8*
T cells reflected by their mildly exhausted phenotype. Thus,
this finding indicates that corejg-specific CD8" T cells may
show an improved responsiveness to PD1 pathway blockade. In
contrast, polyss-specific CD8" T cells which exhibit a terminally
exhausted phenotype may only poorly respond to PD1 pathway
blockade as already described in the chronic LCMV mouse
model (29, 31, 35, 36). However, reinvigoration of the polyss-
specific CD8' T-cell response might be an efficient approach
to achieve HBV cure. It is known that the polyss-specific CD8*
T-cell response is particularly impaired in chronic HBV infection
compared to acutely resolved infection, whereas core;s-specific
CD8* T cells are similar in their expansion capacity in both
HBYV infection settings (47). Moreover, metabolic alterations of
HBV-specific CD8" T cells highlight the difficulty of boosting
HBV-specific CD8™ T cells. Interestingly, a marked recovery of
antiviral capacity was achieved by treating core;g-specific CD8"
T cells with mitochondrion-targeted antioxidant compounds
in vitro (16). Further studies are now needed to investigate the
effect of metabolic reprogramming on polyss-specific CD8"
T-cell responses since the combination of compounds targeting
both, the impaired metabolism together with checkpoint
blockade, provides a promising option in HBV treatment.
In light of the recent finding that TOX represents a master
regulator of T-cell exhaustion (40-42), it is tempting to speculate
that TOX-mediated epigenetic changes are also involved in
HBV-specific CD8" T-cell dysfunction. Hence, to boost the
defective polyss-specific CD8' T-cell response, combining the
PD1 pathway blockade with epigenetic modifications might
be necessary. Early studies on the manipulation of epigenetic
pathways have shown promising results to overcome T-cell
exhaustion in chronic viral infections. Indeed, treatment of
exhausted LCMV-specific CD8" T cells with either histone
deacetylate inhibitors (60) or the blockade of de novo DNA
methylation (61) rescued LCMV-specific CD8' T cells from
functional exhaustion. Thus, attempts to manipulate the
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FIGURE 3 | Possible mechanisms that drive HBV-specific CD8 T-cell heterogeneity. First, HBV-infected hepatocytes produced varying amounts of HBV antigens
resulting in different quantities of HBV peptide/HLA complexes on these cells. This difference may modulate the heterogeneity of HBV-specific CD87 T cells targeting
different antigens (1). Second, HBV antigen processing and presentation may also impact the phenotype and function of coreqg- and polsss-specific CD8* T cells. In
fact, HBV core antigens are secreted in high quantities by HBV-infected hepatocytes and are therefore more likely cross-presented by antigen-presenting cells,
whereas the low amount of HBV polymerase antigens are primarily presented by HBV-infected hepatocytes (2). Third, the phenomenon of viral escape also affects
antigen recognition by HBV-specific CD8% T cells and thus may also contribute to HBV-specific CD8% T-cell heterogeneity (3). Moreover, several other factors are also
likely to promote HBV-specific CD8T T-cell heterogeneity such as TCR affinity/avidity (4), a poor or missing CD4* T-cell help (5) and the presence of

epigenetic signature could have important clinical implications.
However, such studies investigating therapeutic manipulations of
epigenetic changes have not been performed yet in chronic viral
hepatitis and probably face safety issues due to the broadly acting
characteristics of currently available reagents. As a consequence
of the terminally exhausted phenotype of polyss-specific CD8"
T cells and the complexity in restoring polyss-specific CD8"
T-cell immunity, another immunotherapeutic strategy is
based on adoptive transfer of engineered T cells. Recently, it
was demonstrated by Kah et al. that engineered T cells that
transiently express HBV-specific T-cell receptors exert a great
antiviral effect in HBV-infected humanized chimeric mice (62).
The extreme rarity of envigs-specific CD8' T cells might be
caused by the induction of T-cell tolerance which results in
reduced T-cell expansion and elevated T-cell apoptosis (63).
Thus, for envigs-specific CD8™ T cells in chronic HBV patients,
the usage of adoptive transfer is also implicated. However,
the induction of novel envigz-specific CD8" T-cell responses
by therapeutic vaccines should additionally be considered. So
far, different therapeutic vaccines are already used in several
clinical trials with limited effect on chronic HBV infection
(64-67). In sum, the heterogeneity of HBV-specific CD8* T
cells suggest that HBV cure can probably not be achieved by
only one single approach. Therefore, a combination of different
immunotherapeutic interventions might be necessary to induce
viral elimination or at least T cell-based control in chronic
HBYV infection.

CONCLUSION

Exhausted T cells consist of functionally diverse T-cell
subpopulations that co-exist during chronic HBV infection.

These findings revealed that HBV-specific CD8" T cells specific
for different HBV proteins harbor distinct phenotypical and
more importantly functional features in chronically HBV-
infected patients. This knowledge allows specializing future
immunotherapeutic approaches to target the specific T-cell
subpopulation and its molecular pathway that is suitable
for the desired kind of immunomodulation. However, the
current state of immunotherapeutic treatments suggests that
the task of controlling chronic HBV infection is quite difficult.
Further characterization of the recently discovered HBV-
specific CD8" T-cell subpopulations are needed to uncover
new molecular pathways that could be additionally targeted by
immunotherapeutic interventions.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it
for publication.

FUNDING

This work was supported by CRC 1160/IMPATH (Project A02
and A06) of the German Research Foundation (DFG) to RT, MH,
and CN-H. MH was furthermore supported by a Margarete von
Wrangell fellowship from the Ministry of Science, Research and
Arts of Baden-Wiirttemberg.

ACKNOWLEDGMENTS

We thank all members of the Thimme/Hofmann lab for
fruitful discussions.

Frontiers in Immunology | www.frontiersin.org 6

September 2019 | Volume 10 | Article 2240


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Heim et al.

HBV-Specific CD8* T-cell Failure

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Who WH. Global Hepatitis Report 2017. Geneva:

World Health
Organization (2017).

. Gish RG, Given BD, Lai CL, Locarnini SA, Lau JYN, Lewis DL,

et al. Chronic hepatitis B: virology, natural history, current management
and a glimpse at future opportunities. Antiviral Res. (2015) 121:47-58.
doi: 10.1016/j.antiviral.2015.06.008

. Zoulim F Leboss¢é E Levrero M. Current treatments for chronic

hepatitis B virus infections. Curr Virol. (2016) 18:109-16.

doi: 10.1016/j.coviro.2016.06.004

Opin

. Thimme R, Wieland S, Steiger C, Ghrayeb ], Reimann KA, Purcell RH,

et al. CD8(+) T cells mediate viral clearance and disease pathogenesis
during acute hepatitis B virus infection. ] Virol. (2003) 77:68-76.
doi: 10.1128/JV1.77.1.68-76.2003

. Bertoletti A, Ferrari C. Adaptive immunity in HBV infection.
] Hepatol  (2016)  64:571-83.  doi:  10.1016/j.jhep.2016.
01.026

. Boni C, Fisicaro P, Valdatta C, Amadei B, Di Vincenzo P, Giuberti T, et al.

Characterization of hepatitis B virus (HBV)-specific T-cell dysfunction in
chronic HBV infection. ] Virol. (2007) 81:4215-25. doi: 10.1128/JV1.02844-06

. Das A, Hoare M, Davies N, Lopes AR, Dunn C, Kennedy PT, et al.

Functional skewing of the global CD8T cell population in chronic hepatitis
B virus infection. ] Exp Med. (2008) 205:2111-24. doi: 10.1084/jem.200
72076

. Kurktschiev PD, Raziorrouh B, Schraut W, Backmund M, Wichtler M,

Wendtner CM, et al. Dysfunctional CD8+ T cells in hepatitis B and C are
characterized by a lack of antigen-specific T-bet induction. J Exp Med. (2014)
211:2047-59. doi: 10.1084/jem.20131333

. Fisicaro P, Valdatta C, Massari M, Loggi E, Biasini E, Sacchelli L, et al. Antiviral

intrahepatic T-cell responses can be restored by blocking programmed
death-1 pathway in chronic hepatitis B. Gastroenterology. (2010) 138:682-93,
693.e1-4. doi: 10.1053/j.gastro.2009.09.052

Raziorrouh B, Schraut W, Gerlach T, Nowack D, Griiner NH, Ulsenheimer
A, et al. The immunoregulatory role of CD244 in chronic hepatitis
inhibitory potential on virus-specific CD8+
Hepatology. (2010) 52:1934-47. doi: 10.1002/hep.

B infection and its
T-cell function.
23936

Schurich A, Khanna P, Lopes AR, Han KJ, Peppa D, Micco L, et al. Role
of the coinhibitory receptor cytotoxic T lymphocyte antigen-4 on apoptosis-
Prone CD8 T cells in persistent hepatitis B virus infection. Hepatology. (2011)
53:1494-503. doi: 10.1002/hep.24249

Nebbia G, Peppa D, Schurich A, Khanna P, Singh HD, Cheng Y,
et al. Upregulation of the Tim-3/galectin-9 pathway of T cell exhaustion
in chronic hepatitis B virus infection. PLoS ONE. (2012) 7:e47648.
doi: 10.1371/journal.pone.0047648

Wu W, Shi Y, Li S, Zhang Y, Liu Y, Wu Y, et al. Blockade of Tim-3
signaling restores the virus-specific CD8+ T-cell response in patients with
chronic hepatitis B. Eur ] Immunol. (2012) 42:1180-91. doi: 10.1002/eji.2011
41852

Bengsch B, Martin B, Thimme R. Restoration of HBV-specific CD8+ T cell
function by PD-1 blockade in inactive carrier patients is linked to T cell
differentiation. ] Hepatol. (2014) 61:1212-9. doi: 10.1016/j.jhep.2014.07.005
Lopes AR, Kellam P, Das A, Dunn C, Kwan A, Turner J, et al. Bim-mediated
deletion of antigen-specific CD8 T cells in patients unable to control HBV
infection. J Clin Invest. (2008) 118:1835-45. doi: 10.1172/JCI33402

Fisicaro P, Barili V, Montanini B, Acerbi G, Ferracin M, Guerrieri F
et al. Targeting mitochondrial dysfunction can restore antiviral activity of
exhausted HBV-specific CD8 T cells in chronic hepatitis B. Nat Med. (2017)
23:327-36. doi: 10.1038/nm.4275

Schurich A, Pallett LJ, Jajbhay D, Wijngaarden J, Otano I, Gill US,
et al. Distinct metabolic requirements of exhausted and functional virus-
specific CD8T cells in the same host. Cell Rep. (2016) 16:1243-52.
doi: 10.1016/j.celrep.2016.06.078

Boni C, Laccabue D, Lampertico P, Giuberti T, Vigand M, Schivazappa S,
et al. Restored function of HBV-specific T cells after long-term effective
therapy with nucleos(t)ide analogues. Gastroenterology. (2012) 143:963-
73.€969. doi: 10.1053/j.gastro.2012.07.014

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Matloubian M, Concepcion R], Ahmed R. CD4+ T cells are required to
sustain CD8+- cytotoxic T-cell responses during chronic viral infection. J Virol.
(1994) 68:8056-63.

Asabe S, Wieland SE Chattopadhyay PK, Roederer M, Engle RE, Purcell RH,
et al. The size of the viral inoculum contributes to the outcome of hepatitis B
virus infection. ] Virol. (2009) 83:9652-62. doi: 10.1128/JVI1.00867-09

Yang PL, Althage A, Chung J, Maier H, Wieland S, Isogawa M, et al. Immune
effectors required for hepatitis B virus clearance. Proc Natl Acad Sci. (2010)
107:798-802. doi: 10.1073/pnas.0913498107

Raziorrouh B, Heeg M, Kurktschiev P, Schraut W, Zachoval R, Wendtner C,
et al. Inhibitory phenotype of HBV-specific CD4+ T-cells is characterized
by high PD-1 expression but absent coregulation of multiple inhibitory
molecules. PLoS ONE. (2014) 9:2105703. doi: 10.1371/journal.pone.01
05703

Park JJ, Wong DK, Wahed AS, Lee WM, Feld JJ, Terrault N, et al.
Hepatitis B virus—specific and global T-cell dysfunction in chronic hepatitis
B. Gastroenterology. (2016) 150:684-95.e5. doi: 10.1053/j.gastro.2015.11.050
Franzese O, Kennedy PTE Gehring AJ, Gotto J, Williams R, Maini MK,
et al. Modulation of the CD8 T-cell response by CD4+CD25+ regulatory T
cells in patients with hepatitis B virus infection. J Virol. (2005) 79:3322-8.
doi: 10.1128/JV1.79.6.3322-3328.2005

Stoop JN, Van Der Molen RG, Baan CC, Van Der Laan LJW, Kuipers EJ,
Kusters JG, et al. Regulatory T cells contribute to the impaired immune
response in patients with chronic hepatitis B virus infection. Hepatology.
(2005) 41:771-8. doi: 10.1002/hep.20649

Xu D, Fu J, Jin L, Zhang H, Zhou C, Zou Z, et al. Circulating
and liver resident CD4+CD25+regulatory T cells actively influence the
antiviral immune response and disease progression in patients with
hepatitis B. ] Immunol. (2006) 177:739-47. doi: 10.4049/jimmunol.177.
1.739

Yang G, Liu A, Xie Q, Guo TB, Wan B, Zhou B, et al. Association of
CD4+4CD25+Foxp3+ regulatory T cells with chronic activity and viral
clearance in patients with hepatitis B. Int Immunol. (2006) 19:133-40.
doi: 10.1093/intimm/dx1130

Das A, Ellis G, Pallant C, Lopes AR, Khanna P, Peppa D, et al. IL-10-producing
regulatory B cells in the pathogenesis of chronic hepatitis B virus infection. J
Immunol. (2012) 189:3925-35. doi: 10.4049/jimmunol.1103139

Blackburn SD, Shin H, Freeman GJ, Wherry EJ. Selective expansion of a subset
of exhausted CD8T cells by aPD-L1 blockade. Proc Natl Acad Sci. (2008)
105:15016-21. doi: 10.1073/pnas.0801497105

Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A,
et al. Coregulation of CD8+ T cell exhaustion by multiple inhibitory
receptors during chronic viral infection. Nat Immunol. (2008) 10:29-37.
doi: 10.1038/ni.1679

Paley MA, Kroy DC, Odorizzi PM, Johnnidis JB, Dolfi DV, Barnett BE,
et al. Progenitor and terminal subsets of CD8+ T cells cooperate to contain
chronic viral infection. Science. (2012) 338:1220-5. doi: 10.1126/science.12
29620

Utzschneider DT, Charmoy M, Chennupati V, Pousse L, Ferreira DP,
Calderon-Copete S, et al. T cell factor 1-expressing memory-like CD8+ T cells
sustain the immune response to chronic viral infections. Immunity. (2016)
45:415-27. doi: 10.1016/j.immuni.2016.07.021

Wu T, Ji Y, Moseman EA, Xu HC, Manglani M, Kirby M, et al. The TCF1-Bcl6
axis counteracts type I interferon to repress exhaustion and maintain T cell
stemness. Sci Immunol. (2016) 1:eaai8593. doi: 10.1126/sciimmunol.aai8593
Zhou X, Yu S, Zhao D-M, Harty JT, Badovinac VP, Xue H-H. Differentiation
and persistence of memory CD8+ T cells depend on T cell factor 1. Immunity.
(2010) 33:229-40. doi: 10.1016/j.immuni.2010.08.002

He R, Hou S, Liu C, Zhang A, Bai Q, Han M, et al. Follicular CXCR5-
expressing CD8+ T cells curtail chronic viral infection. Nature. (2016)
537:412-28. doi: 10.1038/nature19317

Im §J, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, et al. Defining
CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature.
(2016) 537:417-21. doi: 10.1038/nature19330

Ahn E, Youngblood B, Lee ], Lee J, Sarkar S, Ahmed R. Demethylation
of the PD-1 promoter is imprinted during the effector phase of
CDS8T cell exhaustion. J Virol. (2016) 90:8934-46. doi: 10.1128/JVIL.0
0798-16

Frontiers in Immunology | www.frontiersin.org

September 2019 | Volume 10 | Article 2240


https://doi.org/10.1016/j.antiviral.2015.06.008
https://doi.org/10.1016/j.coviro.2016.06.004
https://doi.org/10.1128/JVI.77.1.68-76.2003
https://doi.org/10.1016/j.jhep.2016.01.026
https://doi.org/10.1128/JVI.02844-06
https://doi.org/10.1084/jem.20072076
https://doi.org/10.1084/jem.20131333
https://doi.org/10.1053/j.gastro.2009.09.052
https://doi.org/10.1002/hep.23936
https://doi.org/10.1002/hep.24249
https://doi.org/10.1371/journal.pone.0047648
https://doi.org/10.1002/eji.201141852
https://doi.org/10.1016/j.jhep.2014.07.005
https://doi.org/10.1172/JCI33402
https://doi.org/10.1038/nm.4275
https://doi.org/10.1016/j.celrep.2016.06.078
https://doi.org/10.1053/j.gastro.2012.07.014
https://doi.org/10.1128/JVI.00867-09
https://doi.org/10.1073/pnas.0913498107
https://doi.org/10.1371/journal.pone.0105703
https://doi.org/10.1053/j.gastro.2015.11.050
https://doi.org/10.1128/JVI.79.6.3322-3328.2005
https://doi.org/10.1002/hep.20649
https://doi.org/10.4049/jimmunol.177.1.739
https://doi.org/10.1093/intimm/dxl130
https://doi.org/10.4049/jimmunol.1103139
https://doi.org/10.1073/pnas.0801497105
https://doi.org/10.1038/ni.1679
https://doi.org/10.1126/science.1229620
https://doi.org/10.1016/j.immuni.2016.07.021
https://doi.org/10.1126/sciimmunol.aai8593
https://doi.org/10.1016/j.immuni.2010.08.002
https://doi.org/10.1038/nature19317
https://doi.org/10.1038/nature19330
https://doi.org/10.1128/JVI.00798-16
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Heim et al.

HBV-Specific CD8* T-cell Failure

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J, Khan O, et al.
Epigenetic stability of exhausted T cells limits durability of reinvigoration
by PD-1 blockade. Science. (2016) 354:1160-5. doi: 10.1126/science.aa
2807

Sen DR, Kaminski J, Barnitz RA, Kurachi M, Gerdemann U, Yates KB, et al.
The epigenetic landscape of T cell exhaustion. Science. (2016) 354:1165-69.
doi: 10.1126/science.aae0491

Alfei E, Kanev K, Hofmann M, Wu M, Ghoneim HE, Roelli P, et al. TOX
reinforces the phenotype and longevity of exhausted T cells in chronic viral
infection. Nature. (2019) 571:265-9. doi: 10.1038/s41586-019-1326-9

Khan O, Giles JR, Mcdonald S, Manne S, Ngiow SE Patel KP, et al.
TOX transcriptionally and epigenetically programs CD8+ T cell exhaustion.
Nature. (2019) 571:211-8. doi: 10.1038/s41586-019-1325-x

Yao C, Sun H-W, Lacey NE, Ji Y, Moseman EA, Shih H-Y, et al. Single-cell
RNA-seq reveals TOX as a key regulator of CD8+ T cell persistence in chronic
infection. Nat Immunol. (2019) 20:890-901. doi: 10.1038/s41590-019-0403-4
Jadhav RR, Im S], Hu B, Hashimoto M, Li P, Lin J-X, et al. Epigenetic
signature of PD-14+ TCF14 CD8T cells that act as resource cells during
chronic viral infection and respond to PD-1 blockade. Proc Natl Acad Sci.
(2019) 116:14113-8. doi: 10.1073/pnas.1903520116

Buggert M, Tauriainen J, Yamamoto T, Frederiksen J, Ivarsson
MA, Michaélsson J, et al. T-bet and Eomes are differentially
linked to the exhausted phenotype of CD8+ T cells in HIV

infection. PLoS Pathog. (2014) 10:21004251. doi: 10.1371/journal.ppat.
1004251

Bengsch B, Ohtani T, Khan O, Setty M, Manne S, O’brien S, et al.
(2018). Epigenomic-guided mass cytometry profiling reveals disease-specific
features of exhausted CD8 T cells. Immunity. (2018) 48:1029-45.e5.
doi: 10.1016/j.immuni.2018.04.026

Wieland D, Kemming ], Schuch A, Emmerich F, Knolle P, Neumann-Haefelin
C, et al. TCF1(+) hepatitis C virus-specific CD8(+) T cells are maintained
after cessation of chronic antigen stimulation. Nat Commun. (2017) 8:15050.
doi: 10.1038/ncomms15050

Schuch A, Salimi Alizei E, Heim K, Wieland D, Kiraithe MM, Kemming
J, et al. Phenotypic and functional differences of HBV core-specific versus
HBYV polymerase-specific CD8+ T cells in chronically HBV-infected patients
with low viral load. Gut. (2019) 68:905-15. doi: 10.1136/gutjnl-2018-3
16641

Ferrari C, Bertoletti A, Penna A, Cavalli A, Valli A, Missale G, et al.
Identification of immunodominant T cell epitopes of the hepatitis B virus
nucleocapsid antigen. J Clin Invest. (1991) 88:214-22. doi: 10.1172/JCI1
15280

Kakimi K, Isogawa M, Chung J, Sette A, Chisari FV. Immunogenicity and
tolerogenicity of hepatitis B virus structural and nonstructural proteins:
implications for immunotherapy of persistent viral infections. J Virol. (2002)
76:8609-20. doi: 10.1128/JV1.76.17.8609-8620.2002

Webster GJM, Reignat S, Brown D, Ogg GS, Jones L, Seneviratne SL,
et al. Longitudinal analysis of CD8+ T cells specific for structural
and nonstructural hepatitis B virus proteins in patients with chronic
hepatitis B: implications for immunotherapy. J Virol. (2004) 78:5707-19.
doi: 10.1128/JV1.78.11.5707-5719.2004

Hoogeveen RC, Robidoux MP, Schwarz T, Heydmann L, Cheney JA, Kvistad
D, et al. Phenotype and function of HBV-specific T cells is determined by the
targeted epitope in addition to the stage of infection. Gut. (2019) 68:893-904.
doi: 10.1136/gutjnl-2018-316644

Cheng Y, Zhu YO, Becht E, Aw P, Chen J, Poidinger M, et al. Multifactorial
heterogeneity of virus-specific T cells and association with the progression
of human chronic hepatitis B infection. Sci Immunol. (2019) 4:eaau6905.
doi: 10.1126/sciimmunol.aau6905

Gehring AJ, Sun D, Kennedy PTF, Nolte-‘t Hoen E, Lim SG, Wasser S, et al.
The level of viral antigen presented by hepatocytes influences CD8 T-cell
function. J. Virol. (2007) 81:2940-9. doi: 10.1128/JV1.02415-06

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Khakpoor A, Ni Y, Chen A, Ho ZZ, Oei V, Yang N, et al. Spatiotemporal
differences in presentation of CD8T cell epitopes during hepatitis B virus
infection. J Virol. (2019) 93:¢01457-18. doi: 10.1128/JV1.01457-18

Murata Y, Kawashima K, Sheikh K, Tanaka Y, Isogawa M. Intrahepatic cross-
presentation and hepatocellular antigen presentation play distinct roles in the
induction of hepatitis B virus-specific CD8+T cell responses. J Virol. (2018)
92:€00920-18. doi: 10.1128/JVI1.00920-18

Bengsch B, Seigel B, Ruhl M, Timm J, Kuntz M, Blum HE, et al. Coexpression
of PD-1, 2B4, CD160 and KLRG1 on exhausted HCV-specific CD8+ T cells
is linked to antigen recognition and T cell differentiation. PLoS Pathog. (2010)
6:¢1000947. doi: 10.1371/journal.ppat.1000947

Ye B, Liu X, Li X, Kong H, Tian L, Chen Y. T-cell exhaustion in chronic
hepatitis B infection: current knowledge and clinical significance. Cell Death
Dis. (2015) 6:e1694. doi: 10.1038/cddis.2015.42

Gane E, Verdon DJ, Brooks AE, Gaggar A, Nguyen AH, Subramanian GM,
et al. Anti-PD-1 blockade with nivolumab with and without therapeutic
vaccination for virally suppressed chronic hepatitis B: a pilot study. ] Hepatol.
(2019). doi: 10.1016/j.jhep.2019.06.028. [Epub ahead of print].

El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu C,
et al. Nivolumab in patients with advanced hepatocellular carcinoma
(CheckMate  040): an open-label, non-comparative, phase 1/2
dose escalation and expansion trial. Lancet. (2017) 389:2492-502.
doi: 10.1016/50140-6736(17)31046-2

Zhang E Zhou X, Dispirito JR, Wang C, Wang Y, Shen H. Epigenetic
manipulation restores functions of defective CD8™ T cells from chronic viral
infection. Mol Ther. (2014) 22:1698-706. doi: 10.1038/mt.2014.91

Ghoneim HE, Fan Y, Moustaki A, Abdelsamed HA, Dash P, Dogra P,
et al. De novo epigenetic programs inhibit PD-1 blockade-mediated T cell
rejuvenation. Cell. (2017) 170:142-57.e19. doi: 10.1016/j.cell.2017.06.007
Kah ], Koh S, Volz T, Ceccarello E, Allweiss L, Liitgehetmann M,
et al. Lymphocytes transiently expressing virus-specific T cell receptors
reduce hepatitis B virus infection. J Clin Invest. (2017) 127:3177-88.
doi: 10.1172/JCI93024

Bertoletti A, Tan AT, Gehring AJ. HBV-specific adaptive immunity. Viruses.
(2009) 1:91-103. doi: 10.3390/v1020091

Xu D-Z, Wang X-Y, Shen X-L, Gong G-Z, Ren H, Guo L-M, et al. Results
of a phase III clinical trial with an HBsAg-HBIG immunogenic complex
therapeutic vaccine for chronic hepatitis B patients: experiences and findings.
J Hepatol. (2013) 59:450-6. doi: 10.1016/j.jhep.2013.05.003

Godon O, Fontaine H, Kahi S, Meritet JE Scott-Algara D, Pol S, et al.
Immunological and antiviral responses after therapeutic DNA immunization
in chronic hepatitis B patients efficiently treated by analogues. Mol Ther.
(2014) 22:675-84. doi: 10.1038/mt.2013.274

Lee YB, Lee J-H, Kim Y], Yoon J-H, Lee H-S. The effect of therapeutic
vaccination for the treatment of chronic hepatitis B virus infection. | Med
Virol. (2015) 87:575-82. doi: 10.1002/jmv.24091

Lok AS, Pan CQ, Han S-HB, Trinh HN, Fessel W], Rodell T, et al.
Randomized phase II study of GS-4774 as a therapeutic vaccine in virally
suppressed patients with chronic hepatitis B. J Hepatol. (2016) 65:509-16.
doi: 10.1016/j.jhep.2016.05.016

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Heim, Neumann-Haefelin, Thimme and Hofmann. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

September 2019 | Volume 10 | Article 2240


https://doi.org/10.1126/science.aaf2807
https://doi.org/10.1126/science.aae0491
https://doi.org/10.1038/s41586-019-1326-9
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1038/s41590-019-0403-4
https://doi.org/10.1073/pnas.1903520116
https://doi.org/10.1371/journal.ppat.1004251
https://doi.org/10.1016/j.immuni.2018.04.026
https://doi.org/10.1038/ncomms15050
https://doi.org/10.1136/gutjnl-2018-316641
https://doi.org/10.1172/JCI115280
https://doi.org/10.1128/JVI.76.17.8609-8620.2002
https://doi.org/10.1128/JVI.78.11.5707-5719.2004
https://doi.org/10.1136/gutjnl-2018-316644
https://doi.org/10.1126/sciimmunol.aau6905
https://doi.org/10.1128/JVI.02415-06
https://doi.org/10.1128/JVI.01457-18
https://doi.org/10.1128/JVI.00920-18
https://doi.org/10.1371/journal.ppat.1000947
https://doi.org/10.1038/cddis.2015.42
https://doi.org/10.1016/j.jhep.2019.06.028
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1038/mt.2014.91
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.1172/JCI93024
https://doi.org/10.3390/v1020091
https://doi.org/10.1016/j.jhep.2013.05.003
https://doi.org/10.1038/mt.2013.274
https://doi.org/10.1002/jmv.24091
https://doi.org/10.1016/j.jhep.2016.05.016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Heterogeneity of HBV-Specific CD8+ T-Cell Failure: Implications for Immunotherapy
	Introduction
	Mechanisms of T-Cell Exhaustion in Chronic HBV Infection
	T-Cell Heterogeneity—Lessons From LCMV Mouse Model
	Heterogeneity of Exhausted HBV-Specific CD8+ T Cells
	Application of Exhausted HBV-Specific CD8+ T-Cell Heterogeneity to Immunotherapy
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


