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Abstract

The hepatitis B and C viruses persist by evasion of T cell immunity. Persistence depends upon
premature failure of CD4+ T cell help and loss of CD8+ T cell control because of epitope
mutational escape and/or functional exhaustion. Powerful new immunological and transcriptomic
tools provide insight into the mechanisms of T cell silencing by HBV and HCV. Similarities are
apparent, including dysregulated expression of common inhibitory/immune checkpoint receptors
and transcription factors. There are also differences. T cell exhaustion is uniform in HCV
infection, but varies in HBV infection depending on disease stage and/or protein target. Here,

we review recent advances defining similarities and differences in T cell evasion by HBV and
HCYV, and the potential for reversal following antiviral therapy.

Introduction

Persistent infection with the hepatitis B (HBV) and C (HCV) viruses can lead to serious
chronic liver diseases including fibrosis, cirrhosis and hepatocellular carcinoma (HCC). How
these liver-tropic viruses evade adaptive immune responses despite very different replication
strategies and natural histories remains undefined. Accumulated evidence over the past two
decades provides a compelling case that functional virus-specific T cells are required for
spontaneous resolution of both infections [1,2].

A more detailed understanding of T cell immunity during acute and persistent infection
remains a research priority, although the rationale differs for HBV and HCV. Chronic
HBYV infection can be prevented by vaccination. Nonetheless, approximately 250 million
people live with chronic HBV infection globally [3]. Nucleos(t)ide analogs suppress virus
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replication but are not curative because the covalently closed circular DNA (cccDNA) HBV
genome cannot be eliminated by this approach [4]. Long term control of virus replication
after structured discontinuation of antiviral therapy is nonetheless observed in some treated
individuals and may be T cell mediated. Research is therefore focused on understanding the
nature of T cell failure in chronic HBV infection, with the objective of restoring responses
as reviewed by Thimme in this volume [5]. HCV presents the opposite problem. Almost

all chronic infections can now be cured safely with a relatively short course of direct

acting antivirals (DAA) that impair the function of HCV non-structural (NS) proteins [ 6].
Therapies to restore HCV-specific T cell immunity are no longer a research or clinical
priority. Attention is now focused on whether T cell immunity recovers after DAA therapy
to provide protection from HCV reinfection. A second objective is to define features of acute
T cell responses that contribute to spontaneous resolution observed in approximately 25%
of HCV infections. This question is central to vaccine development, a major unmet need

as HCV transmission continues to outpace antiviral treatment in most regions of the world
[6,7].

Recently, high dimensional phenotypic and transcriptomic analyses of HBV-specific and
HCV-specific T cells have emerged as powerful tools to better understand the nature of
responses in acute and chronic infection of humans. They have been aided by methods to
enrich for circulating virus-specific T cells that are present at low frequency in chronic
HBYV and HCV infection. Here, we review similarities in CD4+ and CD8+ T cell responses
against HBV and HCV revealed by these studies, and also differences that are likely due to
their unique replication cycles and natural histories. Finally, we summarize their functional
restoration in response to antiviral therapy (Figure 1).

CD4+ T cell responses

CDA4+ T cell responses leading to spontaneous resolution of HBV and HCV infections

have been described as multi-specific and sustained [1,2,8]. Onset of the CD4+ T cell
response in both infections typically occurs after 8—12 weeks of infection, an unusually long
delay when compared with other acute virus infections. They nonetheless follow a typical
differentiation program in the early phase of acute infection. For instance, HCV-specific
CD4+ T cells express inhibitory/immune checkpoint receptors programmed death-1 (PD-1),
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and T cell immunoreceptor with Ig
and ITIM domains (TIGIT) that are markers of activation and serve as a physiological brake
on the response [9,10®,11]. Resolution of acute hepatitis C is associated with a decline

in expression of the inhibitory/ immune checkpoint receptors [9,10®] and an increase

in CD127, the IL-7a receptor that is a marker of memory T cells [10®]. Upregulation

of PD-1 and possibly other co-inhibitory receptors almost certainly occurs during acute
HBYV infection although this has not yet been formally demonstrated. Many studies have
established an association between resolution of HBV and HCV infections and sustained
production of Thl cytokines IFN-y, TNF-a, and IL-2 by CD4+ T cells [1,2,8]. More
recently a key role for CD4+ cell production of IL-21 has emerged. IL-21 synthesized by
HCV-specific CD4+ T cells was associated with spontaneous clearance of infection and
enhanced survival of HCV-specific CD8+ T cells [12] as well as seroconversion to HCV
envelope proteins [13]. Circulating HCV-specific CD4+ T cells with a follicular helper
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(Tfh) phenotype are the most likely source of IL-21 during acute infection. They were
detectable during acute resolving infections but were either undetectable or disappeared
from circulation with HCV persistence, though they remain detectable in the liver [13,14].
HBV-specific CD4+ T cells that produced IL-21 were also detected during the acute but
not the chronic phase of HBV infection [15,16], and in one study were identified as Tfh

by expression of the subset-specific marker CXCR5 [15]. These observations are consistent
with high serum IL-21 titers coinciding with a transaminase peak in humans with acute
resolving hepatitis B [17].

When and how acute phase CD4+ T cell responses fail is a key unanswered question.

One possibility is that CD4+ T cell responses in chronically evolving infections are inher-
ently limited in breadth (i.e. the array of MHC class |1 epitopes targeted) or function (i.e.
number and type of cytokines produced). Comparison of CD4+ T cells in the early phase

of acute resolving versus persisting HCV infections suggest that this is not the case. CD4+
T cells in the early acute phase of hepatitis C targeted a broad array of epitopes [18] and
produced multiple Thl cyto-kines [10®] regardless of the infection outcome. Chronic HCV
infection was instead associated with impaired proliferation of CD4+ T cells that were
otherwise multi-specific and multifunctional [18]. Mechanisms causing impaired CD4+ T
cell proliferation have not been defined, but may in part involve dysregulated expression of
inhibitory receptors. Sustained checkpoint/inhibitory receptor expression on CD4+ T cells
presages chronic HBV and HCV infection. PD-1 is the most widely distributed receptor

on CD4+ T cells in chronic infection [9,10®,19,20]. Several other co-inhibitory receptors
including CD160, LAG-3, TIM-3, KLRGL1, and 2B4 have been visualized on HBV and
HCV-specific CD4+ T cells, although they are not as widely distributed when compared
with exhausted CD8+ T cells [9,10®,14]. Antibody mediated-blockade of inhibitory receptor
signaling alone is not sufficient to restore function to most CD4+ T cell populations

from patients with chronic HBV [20,21] and HCV [19] infections. Costimulation may be
required in addition to blockade of inhibitory receptors for recovery of helper function. One
recent study in HBV-infected subjects demonstrated partial restoration of IFN-y and I1L-21
production by /n vitro incubation of CD4+ T cells with a combination of antibodies against
PD-1 and the co-stimulatory receptor OX40 when compared with anti-PD-1 antibodies alone
[21].

Together, these studies point to complex regulation of CD4+ T cell proliferation and
effector function in chronic HBV and HCV infection. Transcriptional activity and epigenetic
studies may shed further light on silencing mechanism(s) in acute and chronic HBV and
HCV infection, although these approaches have been limited by very low frequencies of
circulating virus-specific CD4+ T cells.

CD8+ T cell responses

CD8+ T cell responses are also primed in all individuals during acute HBV and HCV
infection. CD8+ T cell expansion typically occurs at 8-12 weeks post-infection, in
coordination with the delayed CD4+ T cell response described above [1,2,8]. CD8+ T cell
immunity is compromised by abrupt disappearance of virus-specific CD4+ T helper cells in
HBV and HCV infections that persist [1,2,8]. CD8+ T cells that develop with inadequate
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help display a gradual loss of proliferative capacity, cytokine production and cytotoxicity
[1,2,8]. This process can lead to mutational escape of some HBV and HCV class | epitopes
as reviewed by Neumann-Haefelin in this volume [5]. Not all class | epitopes escape
recognition; CD8+ T cells targeting epitopes that remain intact transition to an exhausted
state. Metabolic dysregulation of HCV-specific CD8+ T cells is apparent in the early acute
phase of HCV infections that persist but not those that resolve [22,23]. Transcriptomic
analysis documented dysregulation of genes involved in nucleosomal transcription, T cell
differentiation, and inflammation and was linked to impairment of the HCV-specific CD4+
T cell response [22]. Transcriptome profiling also revealed mitochondrial and metabolic
dysregulation in HBV-specific CD8+ T cells from patients with chronic hepatitis B [24],
suggesting common cellular pathways to exhaustion in both infections. HBV and HCV-
specific CD8+ T cells that are terminally exhausted express low or no CD127 [25®,26-
28,299®] They do co-express high levels of PD-1 and other inhibitory receptors [1,30-33]
as well as the TOX transcription factor that is an essential driver of exhaustion [25®,34@].
While this phenotype appears to be consistent for severely exhausted CD8+ T cells,
variability in expression of PD-1, CD127, and key transcription factors has been described in
both infections [27,299® 34® 350@ 37]

Chronic HCV infection is characterized by relatively stable levels of persistent virus
replication over decades without hepatitis flares or large shifts in virus replication and
immune activation that characterize chronic hepatitis B [5,38]. It most closely follows the
exhaustion paradigm established in mice persistently infected with LCMV, where severely
exhausted CD8+ T cells are replenished from a phenotypically and transcriptionally distinct
memory-like population [39]. Memory-like HCV-specific CD8+ T cells have higher CD127
and intermediate PD-1 expression when compared with exhausted CD8+ T cells that are
terminally differentiated [27,37]. They are also positive for the transcription factor TCF-1
that spares proliferative capacity and is likely essential for longevity of virus-specific
populations over decades of chronic infection [27,37]. A combination of methods including
input bulk RNA-seq, single cell RNA-seq (scRNA-seq) and high resolution flow cytometry
identified HCV-specific CD8+ T cell with CD127", CD127!"t and CD127'° expression
patterns [409®]. CD127M cells and CD127!° had distinct molecular and phenotypic
signatures of memory-like and exhausted CD8+ T cells, respectively [40®®]. This analysis
also confirmed a progenitor—progeny relationship between CD127" memory-like and
CD127'° exhausted CD8+ T cells in chronic HCV infection, and demonstrated that they
transition through a CD127 intermediate stage [40®®]. CD8+ T cells targeting escaped
HCYV class | epitopes also have reduced PD-1 intensity and increased CD127 expression,
reflecting an absence of ongoing antigen stimulation [41]. Transcriptomic, metabolic and
functional profiles were recently confirmed as more memory-like and less exhausted for
CD8+ T cells targeting escaped versus intact HCV epitopes [22].

CD8+ T cells are considerably more heterogeneous in function and phenotype in

chronic HBV versus HCV infection. A more complex natural history is significant factor
contributing to this heterogeneity. Approximately 90% of vertical HBV infections and 10%
of adult infections persist, resulting in chronic HBV that is classified into 5 stages defined
by the presence or absence of inflammation and HBsAg and HBeAg antigenemia [ 42].
Significant shifts in the severity of liver inflammation, immune system activation, and virus
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replication and antigen production occur across the disease stages [38]. Recent studies
demonstrated that HBV-specific CD8+ T cells are present across all stages of infection,
including the so-called immune tolerant phase stage that follows perinatal infection and

is defined by high HBeAg and HBV DNA titers, ALT within normal limits, and low

or no liver disease activity for more than a decade [29®®,35®® 36@® 43 44]. High
dimensional phenotypic profiling of CD8+ T cells targeting core and polymerase revealed
disease-stage specific differences in patterns of inhibitory receptors and CD127 expression
[35@®]. CD8+ T cells visualized in the immune tolerant phase were unexpectedly skewed
towards a memory phenotype with lower expression of inhibitory receptors including PD-1
and increased expression of CD127 despite high levels of HBV replication and antigen
production. The immune active phase characterized by lower or fluctuating HBY DNA and
antigenemia, elevated ALT and liver inflammation was often associated with a severely
exhausted CD8+ T cell phenotype commonly observed in HCV infection. CD8+ T cells
were more memory-like during the inactive carrier state defined by low or negative HBV
DNA and antigenemia. Relatively high expression of PD-1 and TIGIT during this stage may
reflect functional activation and ongoing effective control of virus replication [359®].

Heterogeneity in exhaustion profile has also been observed for CD8+ T cells targeting
different HBV proteins. Phenotypic differences between core and polymerase specific CD8+
T cells were described in two studies of patients with chronic hepatitis B [299® 369®].
Core-specific populations underwent more robust expansion in culture when compared with
polymerase-specific populations. They also displayed a less exhausted phenotype, with
lower levels of PD-1 and higher CD127. Co-expression of the inhibitory receptor KLRG1
and the Eomes/T-bet transcription factor ratio was also higher in the polymerase-specific
populations, indicating more profound terminal exhaustion [29®®]. This is consistent with
the recent finding that TOX, a transcription factor that enforces exhaustion, was most highly
expressed in populations targeting the polymerase protein [34®]. It is noteworthy that TOX
was nonetheless expressed at lower levels in HBV-versus HCV-specific CD8+ T cells.
Finally, the function and phenotype of core-specific CD8+ T cells did not vary with epitope
sequence, a contrast with HCV infection where mutational escape favors a memory-like or
less exhausted phenotype [299® 369®].

Recovery of exhausted T cells?

Whether exhausted T cells recover after control of virus replication to form functional,
long-lived populations is of vital importance to strategies for prevention and therapy of
chronic infections. Cure of persistent HCV infection by DAA-therapy provides a unique
opportunity to address this question. Transcriptomic comparison of circulating CD8+ T
cells taken before and after DAA-mediated HCV cure confirmed preferential maintenance
of memory-like virus-specific CD8+ T cells [37]. These memory-like T cells harbored the
same transcriptomic signatures [409®] and TOX expression was sustained [25®] before and
after cure, suggesting a permanent ‘exhaustion scar’ that cannot be reversed by HCV cure.
These observations are consistent with an earlier study that showed exhausted CD8+ T cells
in one subject with chronic HCV acquire a state-specific epigenetic landscape and chromatin
accessibility similar to that observed in exhausted CD8+ T cells from LCMV infected mice
[45]. HCV antigens did stimulate production of IFN-y and TNF-a by memory-like CD8+
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T cells after DAA cure, but at levels that were reduced when compared to true memory

cells generated by spontaneous resolution of acute HCV infection. Whether they provide
protection from HCV persistence upon re-exposure to the virus after DAA cure is not yet
fully understood. In one case study of a DAA-treated chimpanzee, transient control of a
second HCV infection coincided with expansion of a CD8+ T cells that targeted an escaped
epitope, but not those that targeted an intact epitope [46]. Relapse in HCV infection in a
DAA treated human subject resulted in re-emergence of CD8+ T cells with an exhausted
phenotype [37]. Of note, the HCV genome is translated as a single polyprotein from one
internal ribosomabl entry site (IRES) element. Protein-specific heterogeneity in CD8+ T cell
exhaustion is therefore conceivably less likely when compared with HBV infection. Futher
research is needed to determine if all CD8+ T cells targeting intact epitopes in HCV proteins
exhibit the same degree of exhaustion, with poor recovery and protective capacity after DAA
treatment.

Studies of CD4+ T cell recovery after DAA cure have lagged behind those of CD8+

T cells, in large measure because their frequency in blood is much lower. HCV-specific
CDA4+ T cells maintained an exhausted profile after DAA treatment of chronic hepatitis C,
with low levels of CD127 expression, proliferation and cytokine production [47]. CD4+

T cell subset-specific differences in survival after DAA cure is a possibility, as loss of
exhausted Th1 and mobilization or expansion of Tth subsets after antiviral cure has been
observed [48]. The potential for restoration of CD4+ T cell help during chronic hepatitis

C was established in the unique setting of pregnancy [48]. A spontaneous multilog drop

in viremia has been observed in a subset of chronically infected women approximately

2-3 months after childbirth. Significant expansion of circulating HCV-specific CD4+ T
cells that produced IL-2 and IFN-vy in the post-partum period was associated with this
dramatic, though often transient, control of persistent virus replication [49]. Together, these
preliminary observations suggest that T cell recovery is possible after years of persistent
HCYV replication, but that DAA-mediated reduction or elimination of virus replication and
antigen load alone may not be sufficient to achieve this goal. It is possible that impaired
CD4+ and CD8+ T cells responses can be restored by vaccination after DAA cure, a concept
that is now being tested in humans (Clinical Trials.gov identifier NCT03688061).

As noted above, a sterilizing cure of chronic HBV infection with elimination of cccDNA

is not possible with current direct acting antiviral therapies [4]. The ability to achieve a
functional cure, defined as sustained HBsAg seronegativity after withdrawal of nucleos(t)ide
therapy, is an important priority but often complicated by severe hepatic flares. Several
recent studies point towards a key role for T cells in prevention of hepatic flares and

control of chronic infection [16,50,51]. HBV-specific PD-1 positive T cells that proliferate
in response to antigen stimulation were identified as a biomarker for safe termination of
antiviral therapy [51]. An increase in CD4+ T cell proliferation was also observed in patients
with sustained virus control after structured nucleos(t)ide withdrawal, and was associated
with a trend towards higher PD-1 expression [50]. The importance of a change in the
functional profile of HBV-specific CD4+ T cells to hepatocellular damage and virus control
was underscored in study of patients with severe hepatic flares [16]. Hepatitis in these
patients was associated with TNF-a synthesis by HBV-specific CD4+ T cells [16]. Virus
control, on the other hand, was associated with a transition to IFN-y production [16].
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Together, these observations are consistent with functional heterogeneity of PD-1 positive

T cells that may be more mildly exhausted in chronic HBV infection as described above
[34@,359® 36@®] and suggest that their effector functions are closely linked to severe
hepatic flares and long-term control of virus replication. Whether HBV-specific T cells in
chronic resolving HBV infection are fully recovered is uncertain, as they do continue to
express the TOX transcription factor as described for HCV-specific CD8+ T cells after DAA
cure [25@,290@ 340 37],

Concluding remarks

Features of T cell immunity elicited by HBV and HCV infection are broadly similar. This

is especially true in acute resolving infections, where activated PD-1MC-D127!°% CD4+ and
CD8+ T cells transition to durable PD-1!°YCD127" memory populations as is typical of
other acute virus infections. Sustained CD4+ T cell responses are essential to control of both
infections, especially IL-21 production by the Tfh subset that quite likely supports CD8+ T
cell [12] and possibly B cell responses [13].

Mechanisms of CD8+ T cell silencing in the chronic phase of HBV and HCV infection
are also similar, but key differences have emerged in recent studies. Severely exhausted
CD8+ T cells are most similar in both infections, with intense expression of PD-1 and
multiple other inhibitory receptors as well as the TOX transcription factor. Phenotypically
and transcriptionally distinct memory-like CD8+ T cells that replenish the exhausted pool
are evident in HBV and HCV infections, and may preferentially survive after virus antigen
production is terminated or suppressed usually as a result of antiviral therapy. However,
the scope of CD8+ T cell heterogeneity in expression of inhibitory receptors, transcription
factors, and differentiation antigens appears to be much broader in chronic HBV infection,
possible due to significant fluctuation in virus control and liver inflammation over decades
of persistent infection and/or strategies for protein translation from the HBV versus HCV
genome. Collectively, these observations point towards a milder or less uniform pattern of
exhaustion in HBV than HCV infection. Further definition of the phenotypic, transcriptomic
and epigenetic landscape in HBV and HCV-specific T cells provides an exciting pathway
forward. A comparison of similarities and differences in T cell responses to these viruses
is likely to provide a more holistic understanding of pathways lead to chronic infection in
humans. They may also provide fundamental insights necessary to engineer strategies for
prevention or reversal of T cell loss in both infections.
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Figure 1.

CD4+ and CD8+ T cell similarities and differences in during chronic HBV and HCV
infection. HBV and HCV-specific CD8+ T cells transition from a memory-like state to an
exhausted state during chronic infection (indicated by arrows). HBV-specific CD8+ T cells
are more heterogeneous in phenotype and function as the transition between states may

be modifed by disease stage (orange arrow) and HBV protein (green arrow). There are no
known modifiers of this transition in chronic HCV infection (purple arrow) and CD8+ T cell
heterogeneity is not as apparent.
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