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Abstract | Multiple new therapeutic approaches are currently being developed to achieve
sustained, off-treatment suppression of HBV, a persistent hepatotropic infection that kills
~2,000 people a day. A fundamental therapeutic goal is the restoration of robust HBV-
specific adaptive immune responses that are able to maintain prolonged
immunosurveillance of residual infection. Here, we provide insight into key components of
successful T cell and B cell responses to HBV, discussing the importance of different
specificities and effector functions, local intrahepatic immunity and pathogenic potential.
We focus on the parallels and interactions between T cell and B cell responses, highlighting
emerging areas for future investigation. We review the potential for different
immunotherapies in development to restore or release endogenous adaptive immunity by
direct or indirect approaches, including limitations and risks. Finally, we consider an
alternative HBV treatment strategy of replacing failed endogenous immunity with infusions
of highly targeted T cells or antibodies.

[H1] Introduction

HBV is a non-cytopathic, partially double-stranded DNA virus that exclusively infects
hepatocytes. Although >95% of cases of adult-acquired HBV result in an acute-resolving
infection?, acquisition at birth or in early childhood commonly results in chronic infection.
When persistent infection is established, the immune response fails to control the virus and
can instead trigger tissue damage leading to liver cirrhosis and cancer. An estimated 260
million people worldwide are chronically infected with HBV, resulting in >700,000 deaths a
year from cirrhosis and hepatocellular carcinoma (HCC)?. There are now intensive efforts to
develop strategies for global eradication of HBV, with the WHO having set a target to
eliminate the virus by 2030%*. However, without further scale-up of prevention and
treatment, new HBV infections are predicted to remain close to 3 million a year in 20302
Proposed approaches to tackle this urgent issue can be considered in three categories. First,
better implementation of the preventative vaccine and other public health measures to
limit ongoing transmission are vital steps towards the long-term goal of global
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eradication?3>. As viral persistence mainly occurs when HBV is acquired through mother to
child transmission, inclusion of HBV in neonatal vaccination programmes is key. Second,
<10% of existing cases of chronic HBV infection (CHB) are currently diagnosed and only 8%
of these receive treatment?3>; this huge shortfall needs to be addressed to enable more
widespread access to antiviral agents that can suppress viraemia and reduce complications.
Third, the path to global eradication and individualised cure would be greatly facilitated by
the development of novel therapeutic approaches that are able to achieve sustained off-
treatment responses in the majority of cases®.

Persistent HBV replication in the setting of current treatment with reverse transcriptase
inhibitors is propagated by episomal, covalently closed circular (ccc) DNA that persists
within the nuclei of infected hepatocytes®. Among the new generation of antiviral agents
under development, some aim to directly or indirectly target cccDNA’, but they are unlikely
to eradicate all cccDNA traces within the large burden of infected hepatocytes®3°. Yet a
single virion has been found to be sufficient to launch HBV infection that can spread to
almost 100% of hepatocytes in chimpanzees'®. Thus, a strong impetus exists for treatment
regimens that mimic the response observed in naturally-resolving HBV infection, harnessing
synergistic aspects of the immune response to repress residual virus through tight, long-
term immune control!. This scenario would represent a long-term functional cure, which is
defined as sustained loss of detectable HBV surface antigen (HBsAg) in serum following
termination of therapy!2. The induction of immune responses with the additional capacity
to eradicate hepatocytes with integrated HBV DNA might also help to reduce the residual
production of HBsAg and the ongoing risk of carcinogenesis in patients receiving nucleoside
or nucleotide analogue therapy'*'#. The translation of novel immunotherapies to the clinic
to achieve these goals now has unprecedented opportunities, galvanised by advances in
immune targeting in cancer®>16,

Optimal viral control is generally dependent upon the co-ordination of both innate and
adaptive immune responses. Multiple components of both branches of the immune system
are impaired in CHB but, if supplemented, the virus remains susceptible to their antiviral
effects!’-1°. Activation of cell intrinsic immunity, or the abundant innate immune cell types
within the HBV-infected liver, represent potential strategies for the treatment of CHB"1°,
However, innate immune effectors are not typically able to selectively target only infected
hepatocytes, potentially creating a difficult trade-off between efficacy and toxicity.

Although more elusive than innate cells, HBV-specific adaptive immune responses offer a
more precisely targeted immunotherapeutic strategy. HBV-specific CD8* T cells are uniquely
able to recognise and direct their antiviral function towards HBV-infected hepatocytes, but
these cells are profoundly depleted and dysfunctional in CHB®2%21, The molecular
mechanisms contributing to the exhausted state of antiviral T cells in CHB are covered
elsewhere®® and summarised in Box 1.

In addition to T cell-mediated immunity, the importance of the humoral immune response
against HBV has been clearly demonstrated by multiple cases of viral reactivation (of either



resolved or chronic infection) triggered by rituximab-mediated B cell depletion??. The first ex
vivo analyses have now revealed that, in contrast to HBV-specific T cells, B cells specific for
HBsAg persist in donors with CHB at similar frequencies to those with resolved or vaccine-
induced immunity?32>. However, HBsAg-specific B cells in CHB show some analogous
features to exhausted HBV-specific T cells, including impaired signalling, differentiation,
homing and effector functions?3-2° (Box 1).

This Review will focus on new insights into features of effective B cell and T cell responses
towards HBV, examining the parallel constraints and interactions between these two
complementary components of the adaptive immune system and the mechanisms by which
they contribute to antiviral immunity. The opportunities to either boost failed endogenous B
cell and T cell immunity, or to supplement it with exogenous supplies of powerful immune
mediators are also considered.

[H1]-Features of adaptive immunity to HBV

[H2] Antigen specificity of T cells

T lymphocytes and B lymphocytes have a unique level of specificity imposed by their highly
variable antigen receptors, which are generated through a series of somatic recombination
events?®. Their discerning sensitivity to minor variations in antigens gives a high degree of
precision to their viral targeting. However, the fastidiousness of adaptive responses
increases the complexity of harnessing them therapeutically, as careful consideration needs
to be given to the most important viral antigens to be targeted. Their fine specificity also
means that single viral mutations can result in selection for viral escape in response to
immune pressure. The occurrence of T cell escape mutations is generally assumed to be
much rarer in HBV than in HIV or HCV. Most T cell studies carried out in the field to date
have focused on responses to HBV epitopes presented by the common class | HLA allele
HLA-A*0201, in which isolated cases of escape mutations were described?’%¢, but T cell
responses were generally considered too weak to exert selection pressure?®:3°, However,
two studies, that took a population-based approach to comprehensively examine the effect
of HLA genotype on HBV sequences, identified more mutations suggestive of immune
selection pressure by CD8* T cell responses3'32,

The immunodominance and protective hierarchy of different CD8* T cell specificities for HBV
has been difficult to assess, given the very low frequency of responses and limited
knowledge of HBV epitopes restricted by alleles other than HLA-A*02012%°. Early data
examining only HLA-A2-restricted responses suggested that an epitope from the HBV core
antigen (HBcAg) termed HBc18-27 was associated with natural resolution of HBV
infection3334; however, this association might not apply to HBcAg epitopes restricted by
other alleles. One study in 2018 has underscored a protective role for CD8* T cell responses
against epitopes from HBcAg and HBV polymerase independently of their HLA restriction,
associating them with prevention of viral rebound following treatment interruption3>.



CD8* T cells in CHB typically circulate at extremely low frequencies regardless of specificity,
often below ex vivo detection using HLA-peptide multimers, intracellular cytokine staining
or enzyme-linked immune absorbent spot (ELISPOT) quantification?%3637, Two studies
surmounted this limitation, enriching for HLA-A2 binding or HBV-multimer binding CD8* T
cells to enable in-depth comparison of HBV-specific T cells according to specificity®®3°. This
approach revealed that HBsAg-specific responses were only detectable in a minority of
donors with low-level CHB (HBV e antigen (HBeAg)-negative infection), whereas responses
directed against HBV polymerase or HBcAg had distinct ‘fingerprints’ that included
functional differences3®3°,

Another factor that could dictate the utility of T cells of different specificities is the
distribution and presentation of HBV antigens within the liver. Staining of HBV-infected
human liver sections with antibodies specific for an HBcAg or HBsAg epitope bound to HLA-
A*0201 showed topologically distinct distributions of these different specificities, which was
supported by differences in the efficiency of presentation of these two HBV epitopes in
primary human hepatocytes and hepatoma cell lines*. This finding adds a further level of
spatio-temporal complexity, potentially hindering T cells of the correct HBV specificity
encountering hepatocytes expressing their cognate antigen.

[H2] Antigen specificity of B cells

Less is known about the specificity of B cell responses to HBV, although different antibodies
are routinely used to distinguish clinical phases of infection. B cells in patients infected with
HBV are capable of differentiating into plasma cells producing polyclonal antibodies directed
against a range of HBV antigens, including HBcAg, HBeAg and the large, middle and small
forms of HBsAg are produced with varying kinetics*'. HBcAg-specific IgM (anti-HBc) appears
early in infection and can co-exist with a high level of HBV replication®?. As the only
confirmatory marker of previous or current infection, detection of anti-HBc has mainly been
used for diagnostic purposes and a possible role in pathogenesis has largely been ignored.
However, passive immunisation of a single chimpanzee with monoclonal anti-HBc delayed
HBV clearance®?. Data have also suggested that anti-HBc can play a pathogenic role in
progression towards acute fulminant hepatitis, forming large antigen—antibody complexes
with HBcAg in the liver that can activate the classical complement pathway to drive liver
necrosis**. In addition to anti-HBc 1gG, which is detectable throughout chronic infection,
anti-HBc IgM antibodies, characteristic of acute infection, can become detectable again in
the serum of patients undergoing flares of CHB*®. Whether anti-HBc IgM is generated in
response to liver damage or actually contributes to it is not fully understood.

In contrast to anti-HBc, antibodies targeting HBsAg and HBeAg (anti-HBs and anti-HBe)
appear later in acute infection and are associated with favourable outcomes of infection?’.
Following successful control of the virus and disease resolution, HBsAg is lost from the blood
and HBsAg-specific antibodies become detectable. A role for neutralising anti-HBs



antibodies in preventing de novo HBV infection is supported by their protective effects
(following transfer of polyclonal hepatitis Bimmunoglobulins from HBV-immune individuals)
in the settings of liver transplantation, post-exposure prophylaxis of neonates born to
HBsAg-positive mothers*®4° and in response to prophylactic vaccination.

Production of anti-HBe antibodies is only detected in a portion of patients with chronic
infection, and is delayed compared to anti-HBc. Detection of anti-HBe commonly coincides
with an initial reduction in HBV DNA; however, no function of this antibody in immune
control has been shown?’. In stark contrast to acute-resolving HBV infection, most patients
with CHB fail to produce detectable levels of anti-HBs antibodies. It has been unclear
whether this is due to sequestration of antibody by the large amounts of soluble HBsAg
produced, a lack of HBsAg-specific B cells or their functional exhaustion. However, work
characterising HBsAg-specific B cells in patients with persisting HBsAg levels revealed
preservation of antigen-specific B cell frequencies, but impaired production of anti-HBs, in
contrast to efficient antibody production by HBsAg-specific B cells from HBV-vaccinated
controls?32>°9°1 HBsAg-specific B cells in patients with CHB were enriched for B cells with
an atypical memory phenotype, to the detriment of conventional, classical memory B
cells?325, Future work will address whether B cells specific for HBcAg retain a classical
memory phenotype in line with the ongoing production of anti-HBc antibodies in CHB.

[H2] Antiviral and pathogenic mediators

CD8* T cells can control HBV infection through cytolytic and non-cytolytic effector functions
(Figure 1)>%°* Through the production of cytolytic molecules including perforin and
granzyme B by T cells, some degree of target cell death (Figure 1a) is probably required for
the elimination of infected hepatocytes and could thereby also remove integrated HBV-DNA
to reduce HCC risk. However, non-cytolytic control of HBV, through the release of antiviral
cytokines such as IFNy and TNF, has the potential to act on multiple hepatocytes while
avoiding extensive liver damage. The capacity of T cells to exert anti-HBV effects through
IFNy and TNF (Figure 1b) was first shown in a transgenic HBV mouse model*, and was
subsequently also proven to be operative against HBV-replicating human hepatocytes>®-8,
These cytokines have the capacity to degrade cccDNA by activating hepatocyte ABOBEC3
deaminases®®°. T cells can also be manipulated to activate the ABOBEC3 antiviral pathway
in HBV-infected hepatocytes through the expression of lymphotoxin-B-receptor ligands
(Figure 1b), a finding that is being exploited in adoptive cell therapy trials described later®.

The best-recognised antiviral effector function of B cells is their development into plasma
cells that produce neutralising antibodies, preventing entry of the virus to target cells either
through steric obstruction or through direct binding to the receptor-binding site on virions
6162 During HBV infection, only antibodies directed against the envelope protein (antiHBs)
have neutralising activity, underscored by their ability to recognise and bind to key viral
epitopes required for infectivity®3%4. With precise mapping of the HBV entry receptor NTCP,



it has been possible to identify epitopes within the pre-S1 domain of HBsAg®>®®. Antibodies
against the pre-S1 domain prevent de novo infection by binding HBsAg on the surface of
infectious virions and obstructing interactions with NTCP®®®7 (Figure 2a). In preventing
binding to NTCP, anti-HBs can also have a role in limiting HBV spread within the already
chronically infected liver through actions comparable to that noted for the peptide inhibitor
myrcludex B®7-%°, Similarly, antibodies that target the immunodominant a-determinant
region of the antigenic loop of HBsAg (common to all HBV strains) block binding to heparan
sulphate glycoproteins (HSPGs) expressed on the hepatocyte surface, thereby preventing
initial virus attachment’®. However, during chronic HBV infection, any antibodies produced
might be depleted by the large amounts of circulating subviral particles (Figure 2b) that

sequester anti-HBs in immune complexes’?72,

Through engagement of classic crystallisable fragment receptors (FcRs) and non-classic C-
type lectin receptors on effector cells, antibodies can also exert a number of Fc-dependent
effector functions to eliminate virus-infected cells. These functions include antibody-
dependent cellular phagocytosis (ADCP) and antibody-dependent cell-mediated cytotoxicity
(ADCC) 7374 (Figure 2c). ADCC-mediated depletion requires HBsAg to be expressed on the
membrane (or in the close vicinity) of infected hepatocytes for antibody binding and killing
by neighbouring Fc-bearing effectors. This process could occur during hepatocyte secretion
of virions and subviral particles of HBsAg and is supported by some immunohistological
staining of HBV-infected liver biopsy samples that demonstrated both cytoplasmic and
membranous HBsAg staining’>’®. Furthermore, through engaging the neonatal Fc-receptor
on infected hepatocytes, anti-HBs IgG might also interact with cytoplasmic HBsAg and
inhibit HBsAg secretion from within infected cells’”’8, An additional potential mechanism of
action of antibodies is a ‘vaccinal effect’, whereby antigen—antibody immune complexes can
bind FcRs on dendritic cells to promote T cell priming”® (Figure 2c). This mechanism has
been exploited in the development of an anti-HBs—HBsAg immune complex-based
therapeutic vaccination strategy for CHB®0.

In addition to developing into antibody secreting cells, B cells can guide the development of
lymphoid tissues, shape T cell responses and regulate immunity through the secretion of
cytokines®. During viral infections and following engagement of the B cell receptor (BCR)
and CD40, B cells are able to produce IFNy, TNF and IL-6238182 which can all have potent
non-cytolytic antiviral activity during HBV infection>>°%83-85 (Figure 2d). In vitro, exogenous
application of IL-6 downregulates expression of NTCP by HBV-infected hepatocytes®?, and
can disrupt viral transcription and cccDNA acetylation® 8. Through the production of IL-6
and the promotion of T follicular helper (Tru) cell responses, B cells can also drive the
initiation of antiviral immune responses®® and assist in viral control during latter stages of
infection®’.



[H2] Crosstalk between T cells and B cells

Central to the activation and regulation of B cell functionality are the interactions between
CD4" Ten cells and B cells occurring within the germinal centre 8 (Figure 3). Teu cells are a
specialised subset of CD4* helper T cells (CXCR5*PD1*) that provide survival signals to
germinal centre B cells, thereby facilitating the selection and differentiation of B cells with
high specificity for antigens. The interaction between CD4* Tey cells and B cells is particularly
relevant for T-cell dependent B cell responses such as the generation of anti-HBs, whereas
antibody responses to HBcAg can be generated via both T-cell dependent and T-cell
independent pathways?%#. Production of anti-HBs antibodies might therefore be hindered
by the low frequency of functional HBV-specific CD4* T cells at different stages of HBV
infection3036°0°1 A subset of Ty cells (referred to as T follicular regulatory (Ter) cells) have
also been shown to express the regulatory transcription factor FOXP3 and can repress other
Tew cells, thereby limiting the number of Ty cells within the germinal centre and inhibiting
the selection of non-antigen specific B cells®2. An analogous population might be responsible
for impairing anti-HBs B cell responses in HBV. This concept was first eluded to in a study in
1983, which demonstrated that co-culture of B cells and T cells from vaccinated healthy
controls with T cells from HBsAg carriers suppressed anti-HBs production®?, implicating a
role for regulatory T cells in impairing Tey cells and anti-HBs production in CHB. These data
are consistent with reports of T regulatory (Treg) cell and Ter cell mediated suppression of
HBsAg-specific Tru cells in HBV-infected mice and patients, which correlate with impaired
induction of anti-HBs responses®*,

Interactions between CD4* T cells and B cells are also reliant on the intrinsic ability of B cells
to present antigens via major histocompatibility complex (MHC) class Il. The antigen-
presenting capacity of B cells has received little consideration in the context of HBV
infection, yet it might play a part in differences in antibody production in response to
different components of HBV®’. The immunogenicity of HBcAg is postulated to derive, in
part, from its capacity to self-assemble into highly immunogenic virus-like particles that can
efficiently crosslink BCRs to activate naive B cells in a superantigen-like manner®. In mice,
uptake of HBcAg by the BCR, rather than by professional antigen-presenting cells, was
required for efficient priming of naive T cells and antibody production following
immunisation with HBcAg®’.

Although the co-operation of CD4* T cells and B cells is clearly important for the generation
of high-affinity antibody and T cell responses, interactions between B cells and CD8* T cells
might also have important implications for adaptive immunity in HBV infection. Through
binding and internalisation of antigens via BCR-mediated endocytosis, B cells are also able to
cross-present antigens on MHC class | to CD8* T cells, a process suggested to be essential for
priming of HBcAg-specific CD8* T cells®®. However, cross-presentation of antigens to CD8* T
cells can also have deleterious effects for antiviral B cells; for instance, when B cell
presentation of HBsAg epitopes on MHC class | primes cytotoxic T cells that kill HBsAg-
specific B cells'®. B cells can also have more globally suppressive effects on T cell function;



work from our group previously identified an expansion of IL-10-producing regulatory B cells
in patients with CHB undergoing spontaneous disease flares, that suppressed HBV-specific
CD8* T cell function in an IL-10-dependent manner0?,

[H2] Intrahepatic responses

Most studies in patients with CHB have relied on assessment of immune responses in the
periphery, despite the fact that this hepatotropic virus only replicates and causes disease in
the liver. An accumulating body of literature underscores the importance of studying
immunity at the site of disease, where tissue-resident lymphocytes can be highly adapted to
optimal functioning in the local microenvironment. Tissue-resident memory T (Trm) cells
have been shown to be critical for frontline immune-surveillance of pathogens in mice,
owing to their capacity to persist in the relevant site without recirculating, ready to mount
immediate effector function02-104,

We have shown that a subset of CD8* T cells in human liver have prototypical phenotypic
and functional features of Trm cells, maintaining potent non-cytolytic antiviral functionality
and expanding preferentially in donors with efficient HBV control®. The majority of
intrahepatic HBV-specific CD8* T cells express markers required for tissue retention (for
example, CD69 with or without CD103)%, consistent with their known enrichment within
the liver'%, These liver-resident responses could be targeted in future immunotherapeutic
approaches, either by attempting to expand the small fraction of HBV-specific CD8* T cells
persisting in the HBV-infected liver, or by inducing new responses that reside in the liver and
that recapitulate the antiviral and survival advantages of Tru cells.

We observed that HBsAg-specific B cells can also home to the human HBV-infected liver?3.
Whether these B cells or other B cell subsets can acquire long-lived liver residence, and how
they might contribute to viral control and/or disease remains to be established. Production
of mediators such as antibodies and antiviral cytokines by B cells stationed at the site of
infection is probably advantageous for HBV control. On the other hand, B cells in the liver
might avoid the requisite productive interactions with Tey cells discussed earlier and instead
be subjected to the tolerogenic influences of the hepatic environment. This concept is
supported by our finding of atypical memory B cells with high expression of the archetypal
hepatic immune checkpoint protein PD-1 accumulating in the HBV-infected liver?3.

Little research has been done to understand how T cells and B cells might be interacting in
the liver. It has long been recognised that ectopic lymphoid structures resembling germinal
centres can arise in non-lymphoid tissues and assist in the activation, proliferation and
differentiation of B cell responses, overturning the dogma that antigen-specific responses
are solely initiated in lymphoid tissue!?”1%8, |n fact, such non-lymphoid organ germinal
centre reactions can be better at generating cross-reactive neutralising antibodies to
prevent viral escape than those in classic lymphoid tissues!®. Although some attempts to
identify intrahepatic lymphoid follicles in the HBV-infected liver have been made®®19 how



these aggregations might contribute to immune control has been largely unexplored.
However, one study testing the immunotherapeutic effects of TLR7 agonists in HBV-infected
chimpanzees demonstrated transient induction of B cell and T cell aggregates in portal
regions, coinciding with prolonged suppression of serum viral DNA and antigens!'’.

The sequestration of subsets of specialised hepatic T cells and B cells that cannot be
sampled in the blood emphasises the need for immune monitoring of novel therapies to
include the liver compartment. Liver biopsies are the gold standard for assessing HBV
disease activity, enabling analysis of immune interactions using surplus tissue not required
for histological diagnosis, but they are being rapidly replaced by noninvasive methods such
as fibroscan or serum markers like the enhanced liver fibrosis test (ELF)!2. However, we
have shown that fine needle aspirates, which are better tolerated than biopsies and
therefore suitable for longitudinal monitoring, sufficiently sample all intrahepatic immune
populations including liver-resident lymphocytes!?3,

[H2] Pathogenic role

Many B cell and T cell mediators of antiviral efficacy also have pathogenic potential and
could inadvertently drive liver damage. Antibodies can have predominantly virus
neutralising effects, but they might also engage accessory cells to lyse infected hepatocytes
by ADCC, which would induce liver injury. Evidence from animal models and human studies
suggest that functional CD8* T cell responses can control HBV without substantial liver
damage!®20.114115 ' Cytokines such as IFNy, produced by HBV-specific T cells and bystander T
cells, exert predominantly non-cytolytic antiviral effects but do also have the capacity to
contribute to necroinflammatory liver damage'?>. Any immunotherapeutic approach to HBV
cure will, therefore, require careful titration and might necessitate some degree of ‘hepatic
flare’ to achieve adequate HBV elimination.

Immunotherapeutic targets are often homeostatic constraints that have a vital physiological
role in preventing exaggerated immune responses and maintaining tolerance. Thus, a
degree of tissue injury or autoimmunity are risks that have to be considered with all
immunotherapies and modifications to enhance precision and minimise off-target effects
are needed. The risk of hepatic flares with novel immunotherapeutic approaches will
necessitate careful patient selection, as discussed elsewhere®®, with initial testing restricted
to patients who have low viral loads as a result of disease stage or antiviral treatment. New
assays are needed for candidates being considered for immunotherapies that can estimate
the number of hepatocytes expressing HBV antigens that might be targeted by boosted
immune responses, as well as the likely reserve of heathy hepatocytes with regenerative
capacity.

Controlled hepatocyte lysis could have the advantage of promoting cell division and
reducing cccDNA (particularly in the presence of an entry inhibitor) by diluting it amongst
dividing daughter cells''®. However, it also holds the theoretical risk of driving clonal



outgrowth of hepatocytes bearing pro-carcinogenic integrations. Similarly, checkpoint
inhibitors, although able to boost protective anti-tumour responses once HCC is established,
might also carry a risk of promoting hepatitis and ultimately carcinogenesis if their
prolonged use drives a suboptimal necroinflammatory response with antigen persistence''’.

[H1] Restoration of adaptive immunity

[H2] Direct approaches

Having described some of the key features of adaptive immunity to HBV, we will now
consider direct and indirect strategies to boost endogenous immunity (Box 2, Figure 4).

[H3] Therapeutic vaccination

Previous efforts to restore endogenous immunity to HBV have centred on therapeutic
vaccination, primarily focused on HBsAg!'®1°, Their lack of success has been attributed to a
combination of inadequate immunogenicity to overcome the underlying T cell exhaustion,
and suboptimal selection of viral antigens and patients'®19-121 The current working model
of an idealised therapeutic vaccine approach has been addressed in recent reviews!&119-121,
To summarise, the goal is to achieve greater immunogenicity than previous generations of
vaccines, target all major HBV antigens and select patients with optimal pre-existing
immunity. Future vaccines should aim to harness B cells as well as T cells in light of the
previously neglected role for humoral immunity in HBV control. Data discussed in the
following sections suggest that new approaches being developed to substantially reduce
HBV antigens could potently enhance therapeutic vaccine efficacy. Alternatively — or
additionally — adjunctive immune restoration might be required to facilitate vaccine-
directed boosting. Therapeutic vaccines should provide a useful backbone to the
immunotherapeutic approaches discussed later (Figure 4), as they will focus immune
boosting towards HBV. By immunogenic priming outside the tolerogenic liver environment,
therapeutic vaccines might also be able to generate new antigen-specific T cells and B cells
that can then be protected from exhaustion, thereby bypassing the need to recover existing
low-frequency responses.

[H3] Checkpoint modulators

T cell checkpoint inhibitors, such as those targeting PD1, are front-runners for clinical
translation as immunotherapeutics to boost responses to HBV therapeutic vaccines. This
choice is supported by their success in cancer immunotherapy and proof-of-concept trials
that show their capacity to enhance therapeutic vaccination against lymphocytic
choriomeningitis virus (LCMV) and woodchuck hepatitis virus'?%123, Although the PD1
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pathway is considered a critical regulator of hepatic tolerance , initial results of in vivo

PD1 blockade in patients with HCC, or uncomplicated HBV infection (single dose in a small
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trial of 22 patients with CHB), have not shown prohibitive liver toxicity'?”:*?8, Thus,
combining PD-1 blockade with an immunogenic vaccine following antigen load reduction
remains a compelling strategy.

However, emerging data point to a complex role for PD1 in T cell homeostasis?®132, in
which the molecule is additionally upregulated upon T cell activation and found strongly
expressed on tissue-resident T cells that maintain rapid functionality upon T cell receptor
(TCR) engagement 195133, Although genetic deletion of PD1 enhances short-term capacity of
T cells to kill HBV-expressing hepatoma cells in a PDL1" microenvironment!34, it conversely
unleashes excessive T cell proliferation, driving terminal senescence in mouse and human
CD8* T cells'3*#135, These findings are consistent with the concept that immune checkpoints,
such as PD1, help to sustain T cells in the setting of continuous antigen stimulation,

enabling them to continue to exert some degree of control3%132, Genetic knockdown of PD1
on human T cells also induces compensatory upregulation of alternative checkpoints such as
CTLA4 and TIM3%3* that have also been shown to restrain HBV-specific T cells in vitro36137,
The multi-layered and heterogeneous nature of checkpoint inhibition implies that selection
of agents might have to be personalised, underscoring the need for biomarkers to predict
responsiveness. An alternative solution is the combination of more than one checkpoint
inhibitor or the addition of a co-stimulator; both these approaches are already in clinical
trials for HCC'38 and other cancers, but might prove too toxic to justifiy in patients with
uncomplicated CHB who are otherwise healthy .

The finding that PD1 is also expressed on human B cells and enriched on the HBsAg-specific
population?®?° raises the possibility that humoral immunity might also be amenable to
modulation by PD-1 blockade, as previously reported in simian immunodeficiency virus-
infected macaques3®. We noted that PD-1" B cells were transcriptionally wired for antiviral
efficacy as they had the highest levels of T-bet?3, shown to be critical for isotype switching
and effective antiviral control in mice!4%142, In vitro rescue of B cell survival and effector
function (antibody and cytokine production) was only possible when PD-1 blockade was
combined with CD40-L stimulation, IL-2 and IL-21%232°. Whether these combinations or
others could rescue functional humoral antiviral immunity in vivo remains speculative. One
concern is that such an approach might favour further expansion of the T-bet" atypical
memory B cell subset that expresses the highest level of PD-1 (particularly in the liver),
which are increasingly implicated in the pathogenesis of autoimmunity**3. In line with this
concern, a small study of combined PD1-CTLA4 blockade in 39 patients with melanoma
found an expansion of CD21'° (atypical) B cells in those who went on to develop immune-
related adverse events!#4,

[H3] Immunomodulatory cytokines

IFNa, used extensively in therapeutic control of HBV, exerts direct antiviral effects and
boosts natural killer (NK) cell function, but tends to decrease the frequency of virus-specific
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T cells'*1% Instead, we observed that the alternative pro-inflammatory cytokine IL-12 is
able to boost functional HBV-specific CD8* T cells, particularly in combination with PD1
blockade!#. IL-12 might reconstitute antiviral functionality through its capacity to down-
regulate PD1%*” and to enhance the metabolic flexibility of HBV-specific CD8* T cells'4®. HBV-
specific CD8* T cells have defective mitochondria'#®14°, also observed in mouse models of
chronic viral infection (LCMV) and tumours (melanoma) 1°%1>1 that limit their capacity to
utilise oxidative phosphorylation. We found that IL-12 can enhance mitochondrial potential
and the capacity of HBV-specific CD8* T cells to optimise their glucose metabolism by
engaging oxidative phosphorylation#. As systemic IL-12 has been poorly tolerated in cancer
trials'>?, it could be targeted directly to the liver or incorporated into a vaccine construct;
the latter approach is already in clinical trials of a DNA vaccine for CHB?8,

IL-12 would also be expected to activate NK cells, which might be able to contribute to HBV
control and/or exacerbate liver damage®3>4. A potential drawback is the capacity of NK
cells to act as a rheostat, limiting antiviral T cell and B cell immunity>>1°6, It has been
observed in humans that activated NK cells, expressing the death ligand TRAIL, are enriched
within the liver-resident pool of NK cells of the HBV-infected liver, and are able to remove
HBV-specific T cells expressing the TRAIL-R2 death receptor or NKG2D ligands'>’-*>°, Qur
unpublished data using a mouse model of HBV suggests that NK cells can also constrain the
T cell and B cell response to therapeutic vaccination in vivo (M.K.M., unpublished
observations). Thus, immunotherapeutic approaches that activate both innate and adaptive
antiviral immunity, such as IL-12 and the newly described combination of anti-NKG2A with
anti-PD-1%%9, might need to additionally block pathogenic interactions between antiviral T
cells and NK cells for optimal efficacy in HBV.

[H3] Beyond current targets

There are a range of alternative T cell checkpoints, co-stimulatory pathways and
immunomodulatory cytokines that have been tested in mouse models of chronic viral
infection and/or patients with cancer, and could potentially be considered for boosting
responses to therapeutic vaccination in HBV!816%162 However studies of these different
checkpoint inhibitors, co-stimulators and/or cytokine manipulation have shown highly
variable capacity to rescue T cells in vitro within the heterogeneous cohorts of patients with
CHB'8163 Detailed dissection of ‘clusters’ of transcriptional and phenotypic markers of
exhaustion can enable rational individualised selection of checkpoints'?® ; for example, using
T cell differentiation status to predict responsiveness to PD-1 blockade!6415,

Another innovative approach is the modulation of T cells at a more fundamental level, by
specifically reprogramming their mitochondria or other aspects of cellular metabolism. In
addition to IL-12 discussed earlier, mitochondrial antioxidants MitoTEMPO and mitoquinone
can scavenge reactive oxygen species to enhance expression of key proteins from the
electron transport chain and rescue functional HBV-specific T cell responses from patients
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with CHB!#°. Future approaches should additionally aim to increase PGCla to promote
mitochondrial biogenesis, for example by CD137 (also known as 4-1BB) costimulation, which

can enhance T cell efficacy in a mouse model of B16 melanoma 1°%16¢,

An additional relevant metabolic target is the amino acid arginine, which might be depleted
in the HBV-infected liver by arginase-1-expressing granulocytic myeloid-derived suppressor
cells and hepatocytes®”168 T cells require constant supplies of arginine to drive oxidative
phosphorylation and promote T cell survival, as they catabolise it rapidly through their own
expression of intracellular arginase-2%°, Boosting extracellular supplies of arginine, or
inhibiting its catabolism by arginase, might enhance responding HBV-specific T cells in vivo,
as it can in vitro®’.

Our understanding of B cell defects in CHB is an exciting new area in which to identify
therapeutic targets, but it currently lags behind that of T cells. The first ex vivo analyses of B
cells have supported this approach by revealing that HBsAg-specific populations persist in
many donors with CHB, providing some initial profiling to inform future in-depth studies®>%°.
The atypical memory B cell fraction, which is expanded in CHB, over-expressed other
regulatory molecules (for example, FCRL5, BTLA, CD32B) that might represent suitable
targets as alternatives to PD17°, B cells in CHB also had a signature indicative of impaired T
cell help, suggesting that methods to boost defective Trn cells and to optimise the B cell-T
cell cross-talk shown in Figure 3, might enhance humoral immunity.

[H2] Indirect approaches

A number of other treatment strategies being tested or considered for CHB are expected to
modulate adaptive immunity without targeting T cells or B cells directly (Box 2, Figure 4).

[H3] TLR agonists

The oral TLR7 agonist GS-9620, postulated to boost dendritic cell priming, was able to boost
expansion of functional HBV-specific T cells from patients with CHB undergoing in vivo
treatment!’?, Although treatment with GS-9620 led to a simultaneous expansion of NK cells,
HBV-specific T cells treated with the TLR7 agonist appeared more resistant to NK cell-
mediated removal, probably owing to TLR7-induced interferon stimulating genes'’? that
have been shown in mouse models of LCMV to protect T cells from NK cell deletion?’3.
Despite these promising in vitro results, this TLR7 agonist failed to achieve HBsAg reduction
in a phase Il double blind trial in vivo as a single agent for CHB'’2. A better understanding of
the mechanism of action of the TLR-7 agonist might enable further tailoring or combination
usage, for example with a therapeutic vaccine. The TLR-8 agonist GS-9688, now in phase Il
trials for CHB, predominantly induces IL-12 and might therefore be able to harness HBV-
specific CD8 T cells#”174 as detailed earlier. B cells also express several TLRs and could,
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therefore, be amenable to direct targeting through TLR-agonist-based therapies in CHB; the
effects of TLR agonists on B cell responses need further investigation.

[H3] HBV antigen reduction

As excessive antigenic stimulation of antigen-specific T cells and B cells through their
antigen receptors is thought to be a major mechanism leading to their exhaustion6%175 176,
some recovery or protection of newly generated responses might be achievable if such
triggering can be substantially reduced. A reduction in hepatocyte production and
processing of HBV antigens resulting in reduced presentation of HBV peptides by MHC
would be required to limit over-stimulation of cognate T cells through their TCR. This
strategy might be attainable with new direct antiviral approaches such as liver-targeted RNA
interference to degrade HBV transcripts’4, although it could be less effective in HBeAg-
negative patients, in whom integrated DNA might represent a major source of HBsAg!4.
Even if HBV viral antigen presentation could be eliminated, T cell restoration might be
limited by residual epigenetic ‘scars’ described in mouse models of T cell exhaustiont’”178,
Consistent with the difficulty of restoring T cells after complete viral antigen removel, data
from patients who have cleared HCV after direct-acting antiviral treatment have revealed
persistence of a subset of antigen-independent memory-like TCF1* T cells, but these only
exhibit partial functional recovery32177.179 However, in the event that hepatocyte HBV
antigen presentation could be reduced, a therapeutic vaccine could then be used to prime
new HBV-specific T cell responses that would be protected from over-stimulation.

In the case of B cells, it is likely that the exceptionally high levels of HBsAg in the liver and
circulation, from both HBV virions and subviral particles, contribute to the atypical
phenotype and signalling defects defined for HBsAg-specific B cells?>?°. Although a simple
relationship between circulating HBsAg titres and HBsAg-specific B cell exhaustion has not
been observed?®?°, data from malaria and HIV support the role of antigens in driving
analogous B cell exhaustion’®. Potential therapeutic approaches to specifically reduce levels
of HBsAg available to bind B cells include its sequestration by monoclonal antibodies
(discussed later), or the inhibition of its release from hepatocytes by nucleic acid
polymers'®, Both approaches would reduce the over-stimulation of HBsAg-specific B cells
through their BCR, but it remains to be seen if they would enable recovery of B cell function,
rather than simply un-masking pre-existing antibodies that are no longer overwhelmed by
high circulating HBsAg levels.

[H3] Treatment interruption

Data have revealed that cessation or interruption of long-term nucleotide analogue
treatment can accelerate HBsAg loss in some patients with HBeAg-negative CHB8?,
Withdrawal of treatment is frequently associated with high rates of virological relapse and
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hepatic inflammation and, therefore, needs to be carried out with caution. However, some
patients who are able to control HBV following treatment cessation are characterised by
increased frequencies of HBV-specific T cells3>181-183 The mechanisms triggering such
immune reconstitution remain obscure and predictive biological markers of patients that
can safely and effectively stop antiviral therapy are needed. The capacity of treatment
interruption to induce some immune restoration makes it a compelling starting point for
additional intervention with immunotherapies that have been shown to be safe in patients
with low viral load.

[H1] Supplementation of adaptive immunity

Even with combinations of the already described approaches it might prove difficult to
rescue severely impaired endogenous immune responses in some patients with CHB.
Supplementation with an exogenous source of HBV-specific adaptive immune effectors
(derived from T cells or B cells, Box 2, Figure 4) circumvents this limitation, as it can provide
a highly selective, targeted treatment without the bystander off-target effects that might
occur when unleashing physiological constraints on endogenous immunity. The selective
administration of specific exogenous effectors such as antibodies might additionally harness
complementary components of the endogenous immune response, as discussed later.

[H2] TCR-redirected T cells and CAR T cells

Both TCR-redirected T cell and chimeric antigen receptor (CAR) T cell approaches involve
genetically engineering patient-derived T cells to direct them against HBV in adoptive cell
therapy'®*18>, CAR T cells are transduced with an antibody-like receptor to recognise HBsAg
on the surface of infected hepatocytes!®'®’ whereas TCR-redirected T cells respond to HBV
peptides presented by MHC and are therefore specific for the donor HLA-type'®8, These
adoptive T cell therapies are showing exciting results in patients with haematological
malignancies and solid cancers such as melanoma?!®. HBV-related HCC can harbour
integrated HBV-DNA fragments that can encode for T cell epitopes; T cells engineered to
express TCRs specific for these epitopes have already been safely tested in 3 patients with
HCC metastases®%191, T cells engineered to express HBV-specific TCRs or CARs have also
shown potent antiviral potential in a preclinical model of chimeric humanised liver mice
infected with HBV187:192,193,

Several modifications have been developed recently to enhance the efficacy of TCR-
redirected T cells. CRISPR-Cas9-based knockdown of the endogenous TCR has been shown
to enhance transduction and expression of the transferred TCR, and will also prevent
mispairing, thereby abolishing the risk of generating new autoreactive specificities®*. In
addition to re-directing specificity, functional modifications can render the transferred T
cells better able to withstand the hostile liver environment. Using small interfering RNA
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knockdown of PD1 on human TCR-re-directed T cells increased their short-term cytotoxic
capacity in a 3D model of HBV-expressing HCC34, An alternative to lentiviral or retroviral
transduction is mRNA electroporation of the TCR of interest, which means that responses
will be short-lived, neccessitating repeated administration, but making initial testing

saferl®®

. mMRNA electroporation can be carried out on resting cells and results in responses
that are less cytotoxic and skewed towards non-cytolytic elimination of HBV through

lymphotoxin-B-mediated induction of ABOBEC3%° (Figure 1,4).

In addition to safety concerns, it currently remains impractical to scale-up adoptive T cell
therapy for widespread clinical use in CHB because of the highly skilled laboratory personnel
required, and the strict regulation and expense involved in transducing large numbers of
cells in a Good Manufacturing Practice facility. TCR-redirected T cells need to be
personalised to patient HLA and HBV genotypes, whereas CAR-T cells directed against
HBsAg might be diverted or exhausted by the large amounts of circulating antigens in CHB.
Thus, at present, adoptive cell therapy with CAR T cells or TCR-redirected T cells is best
suited to selected cases of HBV-related HCC, which is currently being tested in phase |
trials®.

[H2] Soluble TCRs
Instead of relying on adoptive cell therapy, soluble TCRs directed against HBV-peptides or

MHC ligands can be administered that bypass the need for ex vivo manipulation of T cells.
These soluble TCRs can be affinity matured to have exceptionally high specificity'®®. Affinity-
enhanced soluble TCRs fused to anti-CD3 immune-mobilising monoclonal TCRs against
viruses (ImmTAVs (Immunocore))'®” are being developed for HBV that will bind to, and
direct, any CD3-expressing cells towards hepatocytes expressing the MHC or peptide
complexes recognised by the TCR. As the liver contains a large fraction of unconventional
CD3-expressing lymphocytes such as mucosal associated invariant T cells!®8, these might
also be engaged by ImmTAVSs. This approach therefore necessitates a better understanding
of the potential effector functions of all intrahepatic CD3-expressing cell types.

[H2] Therapeutic antibodies

The development of therapeutic antibodies has shown promising results in a wide variety of
disease settings, including when directed against HIV'®°, and it is a growing area of
investigation for the treatment of CHB. Combinations of broadly neutralising antibodies
capable of recognising multiple virus strains have shown success in human trials of HIV
infection, in which they maintain long-term viral suppression and resistance to virus
mutation?°%291, More preliminary results suggest antibodies might also hold therapeutic
potential in HBV. Early studies testing combinations of human monoclonal antibodies
against HBsAg showed short-term viral suppression in models of chimpanzee HBV

202

infection2°2 and humans’7-203,
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Next generation monoclonal antibodies display improved broadly neutralising potential
against different HBV strains and escape mutants?9429 and have demonstrated potent
antiviral activity, acting in vivo to reduce levels of HBsAg and HBV DNA in HBV-transgenic
mice through Fc-dependant mechanisms?°6297, Engagement of Fc-mediated phagocytosis
was elegantly demonstrated, with the suppressive abilities of these antibodies inhibited
when Fc-receptor binding was impeded through mutation of the Fc portion??’. Through
binding to circulating HBsAg and forming immune complexes, therapeutic antibodies might
also form higher avidity interactions with FcRs, resulting in superior viral clearance through
Fc-dependent phagocytosis?%. To understand how to manipulate Fc-dependent antibody
effector functions to their full therapeutic potential, it will be important to ascertain
whether the potential for Fc-mediated protection is maintained in chronic infections. In
chronic HCV, downregulated expression of FcRyRIII (CD16) by activated NK cells results in
impaired ADCC-mediated killing of infected target cells, representing one possible
mechanism underpinning viral persistence?%,

In an analogous approach to ImmTAVs, genetic manipulation of therapeutic antibody
constructs to recognise multiple domains (referred to as bispecific antibodies) might
increase their efficacy against HBV by enabling them to simultaneously engage local effector
cells. In situ delivery of plasmids encoding bi-specific antibodies that concurrently target
HBsAg and CD3 have demonstrated potent, non-cytopathic antiviral activity in the liver of
HBV mouse models, with the presence of the CD3-specific domain facilitating recruitment of
non-specific T cells and resulting in a rapid and significant reduction in HBsAg?%°. Liver-
targeted generation or delivery of anti-HBs antibodies should reduce their sequestration by
the large sink of circulating subviral particles and the resultant risk of immune complex-
mediated disease.

[H1] Conclusions

Advances in our understanding of some key features of HBV-specific T cell immunity have
been accompanied by the first ex vivo analyses of HBsAg-specific B cells. Future studies will
need to consider these two vital components of the adaptive immune response to HBV in
parallel to better understand their cross-talk and potential for therapeutic targeting. A
detailed understanding of the optimal transcriptional, epigenetic and metabolic wiring for
antiviral efficacy will enable more precise manipulation. A number of therapeutic
approaches are already available to boost or replace adaptive immunity, capitalising on the
elegant precision of targeting that B cell and T cell antigen-specific receptors allow. It
remains to be seen how tractable these targets will be in clinical practice. A major limitation
will be the heterogeneity of T cell responsivity to such approaches that has already been
demonstrated in vitro in patients infected with HBV, and the high safety threshold required
to test novel approaches in the setting of a chronic viral infection. New immunotherapies
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can be more easily tested in the setting of HBV-related HCC and can be advanced towards

application in HBV by developing predictors of responsiveness.
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Key points

Unprecedented opportunities exist to develop immunotherapeutic approaches that
complement novel antivirals to achieve sustained control of residual HBV in chronic
HBV infection (CHB).

Adaptive immune responses (HBV-specific T cells and B cells) provide precise
antiviral targeting of HBV-infected hepatocytes and/or virions, but also have the
potential to trigger tissue damage.

HBV-specific T cell and B cell responses should be examined in parallel to consider
their cross-talk, complementary effector mechanisms and their features of
dysfunction in CHB.

Inadequate HBV-specific T cell and B cell responses might be restored by
immunogenic therapeutic vaccines, and released from inhibition by antigen load
reduction or more specific immunomodulation such as checkpoint inhibition.

Alternatively, the failed endogenous adaptive response can be replaced with
targeted exogenous T cell or B cell-derived HBV-specific effectors.
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Box 1 | Key defects in HBV-specific T cell and B cell immunity in CHB

CDS8* T cells

e Numerical depletion of HBV-specific T cells
o BIM-mediated apoptosis
o NK cell-mediated deletion

e Inhibition by PD1 and other checkpoints

e Impaired effector function:
o Cytokines (for example, IFNy, TNF)
o Cytotoxic mediators (for example, perforin,

granzyme)

e Reduced proliferative expansion

e Impaired metabolism
o Arginine deprivation
o Mitochondrial defects

e Inadequate CD4 help

B cells

e HBsAg-specific B cells numerically maintained
e Inhibition by PD1; additional checkpoints are unknown
e Impaired effector function:
o Cytokines (for example, IL-6, TNF)
o anti-HBs antibody
e Impaired differentiation to plasma cells
e Unknown metabolism
e Inadequate Ten cell help

anti-HBs, HBsAg-specific antibodies; HBsAg, HBV surface antigen; CHB, chronic HBV
infection; NK, natural killer; Tey, T follicular helper cell
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Box 2 | Therapeutic approaches to adaptive immune control of CHB

Restoration

e Therapeutic vaccination*

e PD1 blockade*

e Alternative T cell and B cell
checkpoint blockade

e TLR agonists*

e Metabolic or mitochondrial targets

e Blockade of regulatory interactions
(for example, NK cells)

e Reduction of antigen load*

Replacement

e TCRredirected T cells*

e CARTcells
e Solube TCRs (for example,
ImmTAVs)

e Monoclonal antibodies*
e Bispecific antibodies

CAR, chimeric antigen receptor; CHB, chronic HBV infection; ImmTAVs, immune-mobilising

monoclonal TCRs against viruses; NK, natural killer; TCR, T cell receptor; TLR, Toll-like
receptor

* already tested in patients with HBV or HBV-related hepatocellular carcinoma
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Figure 1 | Antiviral functions of HBV-specific CD8* T cells. Schematic depiction of key
effector functions of HBV-specific CD8* T cells upon peptide recognition a | Non-cytolytic
control of HBV through the production of antiviral cytokines (for example, IFNy or TNF) and
induction of APOBEC3 (via lymphotoxin B receptor (LTBR) engagement on infected
hepatocytes or production of IFNy) decreases viral intermediates and covalently closed
circular DNA (cccDNA) but not integrated HBV DNA. b | Elimination of HBV-infected
hepatocytes through cytotoxic mechanisms such as perforin or granzyme B removes all viral
forms including integrated DNA.

Figure 2 | Antiviral functions of B cells and antibodies in HBV infection. Putative
mechanisms by which B cells and plasma cells can contribute to immune control in HBV
infection are shown. These include the production of HBV surface antigen (HBsAg)-specific
antibodies (anti-HBs) that: are sequestered by circulating HBsAg (subviral particles) (1); bind
HBsAg on virions to block virus attachment via heparan sulfate proteoglycans (HSPGs) or
entry via sodium taurocholate co-transporting polypeptide (NTCP) (2); bind HBsAg on the
surface of HBV-infected hepatocytes to induce Fc-dependent elimination via antibody-
dependent cell-mediated cytotoxicity (ADCC) by natural killer (NK) cells (3); bind HBsAg on
the surface of virions to induce antibody-dependent cellular phagocytosis (ADCP) by Kupffer
cells (4); or form HBsAg—anti-HBs immune complexes binding dendritic cells to induce
vaccinal effects (5). Another mechanism involves production of antiviral cytokines (for
example, IL-6) by HBV-specific B cells that inhibit HBV transcription and covalantly closed
circular DNA (cccDNA) acetylation, and downregulate NTCP expression (6). BCR, B cell
receptor.

Figure 3 | Interactions between B cells and CD4* T cells. Schematic representation of key
pathways required for reciprocal B cell and CD4* T cell activity that: activate cognate T
follicular helper (Ten) cells through B cell receptor (BCR)-mediated antigen endocytosis and
subsequent processing and presentation on major histocompatibility complex (MHC) class Il
(dotted line); promote B cell survival (via IL-4) and proliferation (via CD40—CD40-L
engagement); regulate CD4* T cell differentiation to Tru cells (via IL-6, IL-21 or inducible T
cell co-stimulator (ICOS)—-ICOS ligand (ICOS-L) engagement) and B cell differentiation to
plasma cells (via IL-4 or IL-21); and promote antibody mutation and class-switching (via IL-4
or 1L-21)88. Both Try and B cell differentiation and effector function can be controlled by
FOXP3* regulatory CD4* T (Treg) cells and/or T follicular regulatory (Teg) cells. IL-4R, IL-4
receptor; IL-6R, IL-6 receptor; IL-21R, IL-21 receptor; TCR, T cell receptor.
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Figure 4 | Modulation of adaptive immunity by immunotherapeutic approaches.
Schematic representation of key immunotherapeutic approaches theorised to harness
(upper box) or supplement (lower box) adaptive immunity in chronic HBV infection.
Endogenous adaptive immunity is harnessed with therapeutic vaccination to boost existing
or induce de novo HBV-specific T cell and B cell responses. These responses are
accompanied by complementary immunomodulatory approaches, either direct (for
example, checkpoint modulation, metabolic rescue via mitochondrial antioxidants or
blockade of suppressive cells) or indirect (for example antigen load reduction). Replacing
endogenous adaptive immunity can be acheived with exogenous adaptive mediators, either
T cell-based (T cell receptor (TCR)-redirect, chimeric antigen receptor (CAR) T cells or soluble
TCRs (for example, immune-mobilising monoclonal TCRs against viruses (ImmTAVs)) or
antibody-based (monoclonal or bispecific). CTLA4, cytotoxic T-lymphocyte-associated
protein 4; MDSC, myeloid-derived suppressor cell; NK, natural killer; PD1, programmed cell
death protein 1; siRNA, small interfering RNA.
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ToC Blurb

Multiple therapeutic approaches are being developed to achieve sustained, off-treatment
suppression of HBV. In this Review, the authors examine T cell and B cell responses to HBV
and the potential for immunotherapies to restore or release endogenous adaptive immunity
by direct or indirect approaches.
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Figure 1: Antiviral functions of HBV-specific CD8* T cells
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Figure 2: Antiviral functions of B cells and antibodies in HBV infection
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Figure 3: B and CD4 T cell interactions

CD4* T follicular

helper cell

CD80/86

IL-4R  IL-6R )
IL-6 IL-4

inhibition of B cell differentiation, inhibition of T™ differentiation
effector function and entry into the GC and effector function

Tregs / T follicular
regulatory cells

&



Figure 4: Modulation of adaptive immunity by immunotherapeutic approaches
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