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INTRODUCTION

Chronic infection with hepatitis B virus (HBV) is a serious 
public health issue. With an estimated 257 million people 
chronically infected and an increasing incidence of hepatitis- 
related deaths from cirrhosis and hepatocellular carcinoma 
(1), strategies to prevent, detect, treat and cure HBV are ur-
gently needed (2).

Hepatitis B is a partially double- stranded DNA virus that 
exclusively infects hepatocytes via the bile acid transporter, 
sodium taurocholate co- transporting polypeptide (NTCP) 
(3). Infection is typically acquired through vertical transmis-
sion from mother to child at birth, via sexual transmission 
or exposure to blood containing infective virus (for example, 
re- use of contaminated needles or unscreened blood transfu-
sions) (1,4– 6). In the majority of individuals infected during 
adulthood, acute infection with HBV results in clearance of 
the virus by a robust immune response. Conversely, in child-
hood chronic infection ensues in the majority (7).

Chronic HBV has various clinical stages defined by HBV 
DNA titre, presence of hepatitis B e antigen (HBeAg, a se-
creted form of the core protein) and the presence or absence 
of liver inflammation measured by liver transaminase levels 
(8). The majority of individuals in early chronic disease are 
in the ‘HBeAg- positive chronic infection’ phase, previously 
termed the ‘immune- tolerant phase’, where HBV DNA is 
high, HBeAg is positive and liver transaminases (thought 
to reflect liver inflammation in HBV infection) are low. 
Subsequently, a period of fluctuating transaminase levels 
may ensue, known as ‘HBeAg- positive chronic hepatitis’ –  in 
some, this is followed by loss of HBeAg and seroconversion 
to anti- HBeAg. ‘HBeAg- negative chronic infection’ occurs if 
HBeAg lost is accompanied by decreasing HBV DNA levels 
and normalization of liver transaminases. Other individuals 
develop intermittent or persistently raised transaminases after 
HBeAg loss, known as ‘HBeAg- negative chronic hepatitis’. 
Progression through these stages is not necessarily linear or 
unidirectional (8).
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Summary
Chronic hepatitis B infection remains a serious global health threat, contributing to a 
large number of deaths through liver cirrhosis and hepatocellular carcinoma. Current 
treatment does not eradicate disease, and therefore new treatments are urgently needed. 
In acute hepatitis B virus (HBV) a strong immune response is necessary to clear the virus, 
but in chronic infection the immune response is weakened and dysfunctional. Therapeutic 
vaccination describes the process of inoculating individuals with a non- infective form 
of viral antigen with the aim of inducing or boosting existing HBV- specific immune 
responses, resulting in sustained control of HBV infection. In this review we outline 
the rationale for therapeutic vaccination in chronic HBV infection, discuss previous and 
ongoing trials of novel HBV therapeutic vaccine candidates and outline strategies to im-
prove vaccine efficacy going forward.
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Nucleos(t)ide analogues, the mainstay of chronic HBV 
treatment, suppress viral replication and reduce the risk of 
liver cirrhosis and hepatocellular carcinoma (8). However, if 
therapy is withdrawn viral load usually rebounds, driven by 
unchecked transcription of HBV covalently closed circular 
DNA (cccDNA) that acts as a mini- chromosome in the nu-
cleus of infected hepatocytes. Characteristics to predict when 
HBV repression is likely to be maintained on withdrawal of 
nucleos(t)ide analogues are currently lacking. Therefore, life- 
long treatment is usually required (8– 10).

The ultimate goal of HBV treatment is ‘functional cure’, 
defined as a sustained loss of hepatitis B surface antigen 
(HBsAg) (11,12). In this scenario, although HBV cccDNA 
remains at low levels, a functional adaptive immune response 
ensures suppression of viral replication without treatment, 
analogous to that which occurs on clearance of acute HBV 
(13). A strong HBV- specific CD8 T cell response is required 
for HBV clearance in acute infection (14), but in chronic 
HBV the T cell response is dysfunctional and is not fully re-
stored by nucleos(t)ide analogues (15). As functional cure is 
rarely achieved with current therapy (16), alternative treat-
ments that can be given in shorter courses are urgently re-
quired (11,12).

Several immunotherapies are under development to 
improve functional cure rates in chronic HBV, so- called 
as their mechanism of action is via direct targeting of the 
immune response (reviewed in [17– 19]). Therapeutic vac-
cination, the focus of this review, refers to the process of 
delivering HBV antigen in a non- infective form, in order 
to stimulate new or augment existing HBV- specific adap-
tive immune responses. This review explains our current 
knowledge of the T cell response towards HBV infection in 
order to demonstrate the immunological rational for thera-
peutic vaccination. It details the results of previous human 
trials of therapeutic vaccination for chronic HBV and out-
lines future directions to improve the success of vaccina-
tion strategies.

ADAPTIVE IMMUNE RESPONSES 
IN ACUTE AND CHRONIC HBV 
INFECTION

Adaptive immune responses are necessary for 
clearance of acute HBV

Studies of the immune response in acutely infected indi-
viduals that go on to resolve HBV consistently show robust 
CD8 and CD4 T cell responses towards regions of HBV 
proteins, including core, polymerase and surface (envelope) 
(13,20– 27). Ex- vivo, these cells appear functional, producing 
proinflammatory cytokines such as interferon (IFN)- γ) on 
restimulation with recombinant HBV antigens or peptides. 

CD8 but not CD4 T cell depletion in HBV- infected non- 
human primates disrupts viral elimination (14), demonstrat-
ing that CD8 T cells are necessary to resolve acute infection, 
largely through non- cytopathic mechanisms (28).

HBV surface- specific B cells are also important in acute 
HBV infection. Anti- hepatitis B surface antigen (HBsAg) an-
tibodies (HBsAb) neutralize HBsAg and contribute to sus-
tained HBsAg loss, which defines resolution of acute HBV 
infection (29).

The adaptive immune response is dysfunctional 
in chronic HBV infection

In contrast to people who achieve HBV clearance, chronic 
HBV infection is associated with dysfunctional HBV- specific 
T cells (Figure 1). HBV- specific T cells may be detected in 
individuals with chronic HBV infection, but are lower in 
frequency and less functionally responsive (30– 36). Flow 
cytometric analysis has revealed surface up- regulation of im-
mune check- point receptors such as programmed cell death 
1 (PD- 1), CD244 (2B4), cytotoxic T lymphocyte antigen 
(CTLA)- 4 and T cell immunoglobulin and mucin domain- 
containing protein 3 (Tim- 3) (30,37– 41). Blockade in- vitro 
rescues the proliferative and cytokine- secreting capacities of 
these cells (30,39,42,43), suggesting that signalling pathways 
through immune check- points might mediate T cell dysfunc-
tion. A detailed comparative analysis revealed a hierarchy of 
inhibitory receptor expression in chronic HBV, dominated by 
PD- 1 (44). Disruption of PD- 1 signalling was most success-
ful in restoring T cell function compared to blockade of other 
inhibitory receptors, identifying PD- 1 as a potential target for 
interventions to restore HBV- specific cellular immunity.

Driven by repetitive antigen stimulation over long peri-
ods, up- regulation of immune check- points in association 
with T cell hyporesponsiveness, known as T cell exhaustion, 
has also been described in other chronic viral infections and 
cancer (45). HBV- specific T cells derived from the liver, the 
site of maximal HBV antigen expression, have higher PD- 1 
expression than circulating cells (37,44,46), supporting 
the hypothesis that T cell exhaustion in HBV is driven by 
chronic antigen exposure. Transcriptional dysregulation of 
HBV- specific T cells is similar to T cell exhaustion in other 
settings. For example, the transcription factor TOX, a central 
co- ordinator of the exhausted T cell phenotype (47,48), has 
recently been shown to be up- regulated in HBV- specific T 
cells during chronic infection in conjunction with PD- 1 (49). 
Other abnormalities include down- regulation of the proin-
flammatory transcription factor T- bet (50) alongside genes 
associated with mitochondrial metabolism (51) and up- 
regulation of pro- apoptotic transcription factors such as Bim 
(39,52). Together, these findings support that HBV- specific 
T cells in chronic infection have a transcriptional programme 
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that co- ordinates poor effector function, disordered metabo-
lism and eventual apoptotic deletion.

HBV surface- specific B cell responses are also depleted 
and dysfunctional in chronic HBV infection (53– 55). They 
are inefficient at differentiating into antibody- secreting 
plasma cells, which might lead to relative underproduction 
of HBsAbs and reduced HBsAg neutralization (53,54). HBV 
surface- specific B cells have an atypical memory phenotype 
and up- regulate their surface expression of inhibitory re-
ceptors such as Fc receptor IIb and PD- 1 (53,54). Similar to 
HBV- specific T cells, their function can be partially restored 
by PD- 1 blockade (53,54). Atypical memory B cells have 
also been described in response to repetitive antigen simula-
tion in other chronic viral infections (56). Therefore, similar 
mechanisms might drive both B and T cell dysfunction in 
chronic HBV infection, as cells are chronically exposed to 
HBV antigens.

HBV- specific T cells have heterogeneous 
phenotypes in chronic infection

The extent to which HBV- specific T cells are exhausted 
is, in part, related to their specificity. Ex- vivo circulating 
HBV surface- specific T cells are less frequent than core 
or polymerase targeting T cells, and are often only detect-
able after in- vitro expansion with cognate peptides (30,32– 
34,44,57,58). A recent cross- sectional study of children and 
adults with chronic HBV revealed that the longer an indi-
vidual had been exposed to HBsAg, the lower the frequency 
of surface- specific T cells (55). In addition, surface- specific 

T cells have the highest PD- 1 expression (58), suggesting 
that they might represent a more severely exhausted pheno-
type prone to deletion. Differences in phenotype and func-
tion have also been observed in core and polymerase- specific 
T cells. Core- specific T cells are most numerous ex vivo, 
have a phenotype consistent with T effector memory cells 
and expand most efficiently in vitro (57,58). The majority 
express high CD127 and PD- 1, consistent with a memory- 
like phenotype (59). Conversely, polymerase- specific T cells 
are more heterogeneous, with a proportion of cells display-
ing a naive phenotype (57,58). They expand less efficiently 
in vitro and express higher KLRG1 and EOMES, consistent 
with a more severely exhausted phenotype (57). Together, 
these data suggest that functional recovery of surface and 
polymerase- restricted T cells with immunotherapy may be 
more challenging than for core- specific cells.

HBV- specific T cells in the liver are important 
for HBV control

The local immune response in the liver, the site of HBV 
infection, may significantly impact upon T cell function 
(34,60). The majority of HBV- specific T cells in the liver 
have a resident memory phenotype, implying that they 
do not recirculate. They express high levels of PD- 1 and 
negatively correlate with HBV DNA titre, suggesting that 
they are involved in viral control. On restimulation, these 
cells produce proinflammatory cytokines including IFN- γ 
and tumour necrosis factor (TNF)- α, as well as interleu-
kin (IL)- 2 to HBV core, polymerase and surface peptides, 

F I G U R E  1  CD8 T cells are dysfunctional in chronic hepatitis B virus (HBV) infection. HBV undergoes replication in infected hepatocytes, 
which release HBV antigens including virions and secreted proteins. HBV- specific T cells are repetitively stimulated by HBV antigen through their 
T cell receptor (TCR), which leads to the development of a molecular and transcriptional programme of T cell exhaustion, characterized by surface 
expression of check- point inhibitors such as programmed cell death 1 (PD)- 1 and CD244 (2B4), mitochondrial dysfunction and transcription of 
TOX and Bim. As a result, HBV- specific T cells become dysfunctional in cytokine secretion and proliferation, eventually undergoing apoptosis. 
HBV surface- specific T cells are affected more severely than polymerase and core- specific T cells. Figure created with BioRender
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in contrast to the poorly responsive HBV- specific T cells 
in the periphery. However, intrahepatic T cells in chronic 
HBV show reduced expression of Ki- 67 and granzyme 
B, suggesting that their proliferative and cytotoxic func-
tions might be impaired (46). Despite these cells having 
high PD- 1 expression they appear to retain some function-
ally, suggesting that in the liver, at least, PD- 1 might not 
be representative of a fully exhausted T cell. During acute 
HBV, PD- 1 is also increased on HBV- specific T cells and 
has a positive correlation with resolution of infection (61). 
Together, this suggests that intrahepatic T cells in the liver 
are functional despite high PD- 1 expression and their aug-
mentation might be a target to induce sustained immune 
control of chronic HBV. The differences in peripheral and 
intrahepatic HBV- specific T cells are clearly relevant for 
the reporting of T cell phenotype and function in clinical 
studies, and for trials of immunotherapies efficacy end- 
points that do not rely primarily upon the evaluation of T 
cell function in blood are required.

HBV- specific T cell dysfunction 
is not irreversible and might be restored 
by therapeutic vaccination

Once chronic HBV infection is established most people will 
remain infected for life. However, after sustained HBV DNA 
suppression in people treated with peginterferon or nucleos(t)
ide analogues, a small proportion achieve functional cure 
with sustained HBsAg loss (16). In the majority, nucleos(t)
ide analogue therapy only transiently improves T cell func-
tion (15,62– 64). However, in individuals achieving HBsAg 
loss, HBV- specific T cell function is improved despite re-
taining high expression of exhaustion- related molecules such 
as TOX and PD- 1 (49,65). In people with resolved infection, 
circulating T cell responses are comparable to those who 
have cleared acute HBV infection (65) and are retained in 
the liver long term (46). These data show that despite T cells 
retaining a molecular signature of exhaustion, chronic HBV- 
associated T cell dysfunction is not irreversible. Therapeutic 
vaccination aims to induce new or augment existing HBV- 
specific T cell responses by directly providing non- infective 
HBV antigen in chronically infected people.

PREVIOUS CLINICAL TRIALS OF 
THERAPEUTIC VACCINATION IN 
CHRONIC HBV

During the last 20 years multiple studies have assessed 
therapeutic vaccine candidates for chronic HBV therapy 
(Supporting information, Tables S1– S6). Although none 
have been successful in inducing functional cure so far, some 

regimes have shown promise in improving HBV viral param-
eters and HBV- specific immune responses.

Recombinant vaccines

Initial investigations focused upon recombinant protein vac-
cines comprising the small and medium HBV surface pro-
teins (Pre- S2 and S, Supporting information, Table S1). In 
healthy uninfected individuals, recombinant HBsAg vac-
cines induced HBsAbs and CD4+ T cell responses (66– 68) 
and were established as prophylactic vaccines to prevent 
HBV infection.

However, when investigated in individuals with untreated 
chronic HBV infection, although vaccination induced de-
tectable surface- specific T cell responses in a subset of in-
dividuals (69) there was no significant difference between 
vaccinated and unvaccinated groups in achieving HBV 
DNA suppression, HBeAg loss or HBsAg loss (70– 75). In 
an attempt to improve immunogenicity, vaccines combin-
ing HBsAg with hepatitis B immunoglobulin were tested in 
untreated individuals, but ultimately this had similarly dis-
appointing results (Supporting information, Table S2, (76– 
80)). Even in combination with nucleos(t)ide analogues or 
interferon treatment, vaccine therapy showed no additional 
benefit over nucleos(t)ide analogues alone (81– 87). Another 
recombinant vaccine CVI- HBV- 002 delivering the long, me-
dium and small HBV surface proteins (surface/pre- S2/Pre- 
s1 regions) with adjuvant (L- pampo) is currently in Phase II 
clinical trials in chronic HBV patients, although results are 
yet to be reported (88).

One probable reason for the failure of these trials is that 
vaccine strategies for the effective prevention of HBV infec-
tion are likely to differ significantly from strategies required 
for HBV cure once chronic HBV infection is established. 
Although in healthy people HBsAg induces HBsAbs which 
block viral entry and prevent infection, the effects on T cell 
induction and immune restoration in the chronic setting using 
protein vaccines alone are likely to be minimal.

Another possible reason as to why these early trials of re-
combinant HBsAg vaccine were not efficacious is that a large 
proportion of participants had HBeAg- positive disease, asso-
ciated with high HBV antigen levels. High antigen loads have 
been proposed as a barrier to the successful rescue of toler-
ized T cells by therapeutic vaccination (89). Subsequently, 
two small studies have assessed recombinant HBsAg vac-
cine efficacy in individuals with e antigen- negative disease, 
suppressed HBV DNA and low antigen loads (HBsAg 100– 
1000 IU/ml). The first retrospectively assessed the effect of 
vaccination on preventing relapse of viral replication after 
withdrawal from nucleos(t)ide therapy, but found no benefit 
of vaccination (90). More promising results were obtained 
by administration of recombinant vaccine in people with low 
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HBsAg levels, which was associated with further reductions 
in HBsAg titres and undetectable HBsAg in some partici-
pants. However, there was no prospective control arm in this 
study (91). Larger randomized studies are warranted to assess 
whether recombinant vaccines have a role in treating individ-
uals with low baseline HBsAg levels.

Finally, the ineffectiveness of recombinant HBsAg vac-
cines may have been because they only delivered a single 
HBV antigen, whereas in acute infection immune responses 
specific to multiple HBV antigens are present (14). To over-
come this issue, a vaccination strategy delivering HBV core 
antigen (HBcAg) in addition to HBsAg has been developed. 
A randomized trial of recombinant HBsAg and HBcAg in 
individuals with chronic HBV showed a significant reduc-
tion in HBV DNA when compared to peginterferon treatment 
alone, 24  weeks after therapy completion (92). Although 
these results are promising, HBsAg loss was not reported.

Lipopeptide epitope- base vaccine

In order to develop vaccines with superior T cell immuno-
genicity, an epitope- based lipopeptide vaccine CY- 1889 
was developed (Supporting information, Table S3). This de-
livered a single HBV CD8 T cell core epitope (Core18– 27), 
known to be present in people who controlled acute HBV 
(20). Although this vaccine induced HBV core- specific CD8 
T cells in healthy volunteers (93), when administered to 
chronically infected individuals CD8 T cell responses were 
of lower magnitude and no reductions in HBV DNA were ob-
served (94). A major limitation of an immune strategy based 
on single epitopes is that this will be limited to individuals 
who carry the HLA alleles that restrict that particular epitope 
and will generate a very narrow immune response that may 
select for immune escape variants.

DNA vaccines

Alternative vaccine approaches designed to optimize CD8 
T cell responses also include DNA vaccines alone or in 
combination with MVA vectored vaccines in heterologous 
prime- boost strategies (Supporting information, Table S4). 
Unfortunately, when compared to no treatment or nucleos(t)
ide analogue therapy, these regimes did not improve viro-
logical parameters (95– 100). Broadening the HBV antigens 
included within the immunogen to core and polymerase, in 
addition to surface, also failed to improve efficacy (101,102). 
Enzyme- linked immunospot (ELISPOT) assays showed de-
tectable but low T cell responses in people with chronic HBV 
in response to vaccination, suggesting that these regimes 
were unable to overcome the HBV- specific T cell hypore-
sponsiveness characteristic of chronic infection.

Yeast- derived vaccines

More recent therapeutic vaccine candidates have been de-
signed to induce multi- specific HBV responses by incor-
porating several HBV antigens or epitopes. GS- 4774, a 
yeast- derived vaccine, includes HBsAg, HBcAg and hepa-
titis B X, chosen for their relative conservation across HBV 
genotypes (103). Although HBV- specific T cell responses 
were induced in healthy volunteers after vaccination, in the 
majority of individuals the response magnitude was low– 
moderate (below 200 spot- forming units per million cells) 
(103). Subsequent randomized trials of individuals with 
chronic HBV have had disappointing results (Supporting 
information, Table S5). In a trial conducted in 178 indi-
viduals with chronic infection with suppressed HBV DNA 
and relatively low HBsAg levels (mean  2.9 log10  IU/ml), 
nucleos(t)ide analogue therapy alone was compared to the 
addition of GS- 4774 vaccination. Although HBsAg titres de-
creased in all groups, larger declines of 0.5  log10  IU/ml or 
more were detected in only three of the 178 participants, all 
of whom were in groups receiving the highest dose of vac-
cine (104). End- of- study immunological assessment showed 
detectable but low- magnitude T cell responses to vaccina-
tion (104). Subsequently, GS- 4774, in combination with 
nucleos(t)ide analogue tenofovir, was compared to tenofovir 
alone in 195 participants with chronic HBV infection, this 
time with raised HBV DNA levels and higher HBsAg tires 
(mean  3.7  log10  IU/ml) (105). No participant lost HBsAg 
after 48 weeks and decreases in HBsAg titre were not signifi-
cantly different between groups (105). One reason that this 
vaccine might not be efficacious in these trials is that it is not 
able to induce T cell responses of adequate magnitude for im-
mune protection in established chronic HBV infection. Even 
in healthy subjects, only low– moderate T cell responses were 
induced in the majority (103) and this might not be enough 
to overcome T cell tolerance associated with chronic HBV.

Adenoviral vectored vaccines

Another promising vaccine candidate, TG- 1050, comprises 
a human adenoviral vector encoding core, polymerase and 
surface HBV antigens within its immunogen. Its safety and 
immunogenicity were studied in a recent Phase I clinical 
trial either as a single dose or in homologous prime- boost 
vaccination strategies (Supporting information, Table S6 
[106]). Participants had undetectable HBV DNA on enrol-
ment on nucleos(t)ide therapy with raised HBsAg titres, 
ranging from 2.2 to 4.6 log10 IU/ml. A year after the first 
vaccination, HBsAg loss of more than 0.2 log10 IU/ml was 
achieved in 19% of vaccinated (n = 7) and 8% of unvac-
cinated (n = 1) participants. T cell responses to vaccina-
tion, measured after in- vitro expansion, showed increased 
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responses in some, but not all, participants tested (106). In 
keeping with data that core- specific responses retain the 
most functionality in chronic HBV (57,58), core- specific 
T cell responses were most recoverable in response to vac-
cination, followed by polymerase and surface- specific re-
sponses (106). Unfortunately, as this vaccine has not been 
tested in healthy individuals, it is not clear whether the 
poor T cell responses after vaccination seen in this trial are 
due to poor immunogenicity of the vaccine itself or as a 
consequence of chronic HBV infection. Another potential 
disadvantage of using a human adenoviral vector is that 
anti- adenovirus antibodies, if present at baseline, may im-
pair immunogenicity, as has been the case in previous stud-
ies (107,108).

Summary

Thus far, attempts at therapeutic vaccination for HBV have 
been ineffective in reliably inducing functional cure in peo-
ple with chronic HBV. The persistence of HBV- specific T 
cell hyporesponsiveness and high baseline HBsAg load of 
participants, together with limited T cell immunogenicity of 
the vaccine candidates themselves, are possible reasons that 
may have hampered the success of these vaccine candidates. 
The following section explores possible strategies to over-
come these barriers in future vaccine development.

FUTURE DIRECTIONS TO IMPROVE 
HBV THERAPEUTIC VACCINATION 
STRATEGIES

Several strategies have promise to improve the efficacy 
of therapeutic vaccination in chronic HBV (Figure 2). 
Consistently, HBV vaccine candidates do not seem to 
induce strong HBV- specific T cell responses when ad-
ministered to people with chronic HBV, even when they 
are shown to be immunogenic in healthy individuals 
(66– 68,93,103,109– 112). Potential approaches to improve 
therapeutic vaccination, therefore, all attempt to aug-
ment vaccine- induced T cell responses and overcome the 
HBV- specific T cell dysfunction associated with chronic 
infection.

HBV optimizing patient selection –  lowering 
HBV antigen load

High levels of HBsAg are thought to contribute to the HBV- 
specific T cell dysfunction in chronic HBV (55). Quantitative 
HBsAg measures serum HBsAg transcribed from HBV cc-
cDNA, as well as HBV DNA integrated into the host genome 

(113). In patients with suppressed circulating HBV DNA on 
nucleos(t)ide therapy quantitative HBsAg levels remain el-
evated, despite reduced HBV replication. In these individu-
als, integrated HBV DNA is the most important source of 
HBsAg (114).

Continually raised HBsAg levels is one mechanism 
contributing to the sustained suppression of HBV surface- 
specific immune responses, which hampers therapeutic vac-
cine efficacy. One strategy is to enrol groups of patients with 
lower baseline HBV antigen load, whose HBV- specific T 
cells are more susceptible to functional recovery. This is sup-
ported by animal models of chronic HBV in which therapeu-
tic vaccination is more successful when HBsAg titres are low 
(115– 117) and in people with chronic HBV stopping nucle-
os(t)ide therapy, in whom low HBsAg titres at time of nucle-
os(t)ide withdrawal are associated with subsequent HBsAg 
loss during follow- up (118). Pretreatment with therapies to 
reduce HBsAg, such as small interference RNA (siRNA) or 
nucleic acid polymers (NAPs) (119– 121), might be useful to 
reduce HBsAg levels prior to therapeutic vaccination. These 
therapies would need to supress HBsAg production from 
both cccDNA and integrated HBV DNA. The reduction of 
HBsAg prior to vaccination might also enable younger peo-
ple with HBV infection to be treated, in whom the frequency 
of surface- specific T cells appears to be higher and T cell 
function might be more recoverable (55).

Concomitant reversal of T cell dysfunction 
with check- point inhibition

Another strategy to boost the efficacy of therapeutic vaccina-
tion is by concurrent treatment with check- point inhibitors 
that block the PD- 1 signalling pathway. The effectiveness of 
this approach was first demonstrated in the woodchuck model 
of chronic hepatitis B, in which check- point inhibitor in com-
bination with therapeutic vaccine was able to induce sur-
face antigen loss (122). In a small open- label Phase I trial in 
adults with HBeAg- negative chronic infection on nucleos(t)
ide therapy, low- dose check- point inhibitor therapy alone or 
in combination with GS- 4774 vaccine was found to be safe, 
and induced HBsAg loss in one participant (123). A Phase 
II clinical trial has recently opened to recruitment to assess 
therapeutic HBV vaccines ChAdOx1- HBV and MVA- HBV 
in combination with check- point inhibitor (124). The results 
from this trial will be important to determine whether this ap-
proach is effective in humans.

Optimization of vaccine immunogens

Strong T cell responses to multiple HBV epitopes are im-
portant (14) in the clearance of acute HBV. Most of our 
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knowledge of HBV epitopes is skewed towards HLA- A*02- 
restricted epitopes, although it is clear that HBV- infected 
people with different human leucocyte antigen (HLA) alleles 
recognize other HBV epitopes (35,125). Peptide vaccine 
FP- 02.2 (HepTcell) incorporates nine HBV T cell epitopes 
in conserved regions of the HBV genome, which might in-
crease its chances of being immunogenic among populations 
with various HLA types. Early results of a Phase I study 
(NCT02496897) confirmed safety when administered to 
participants with chronic HBV, and a Phase 2 trial is now 
recruiting (NCT04684914) (126– 128). An advantage of vac-
cines that target conserved areas of the HBV genome is that 

they are more likely to be able to induce immunogenicity 
among different genotypes. Further work to discover immu-
noprotective HBV epitopes among different HBV genotypes 
in people with diverse HLA haplotypes is another approach 
to inform better vaccine design.

Selection of vaccine vector

To give the very best chance of inducing the strong T cell 
responses required to clear HBV infection, vaccine candi-
dates should use platforms known to induce T cell responses 

F I G U R E  2  Strategies to improve therapeutic vaccination for chronic hepatitis B virus (HBV) infection. Strategies include (i) vaccinating 
individuals with lower HBV antigen loads or reducing antigenic load prior to vaccination with nucleos(t)ide therapy (NUCs), small inhibitory 
RNA (siRNA) or nucleic acid polymers (NAPs); (ii) reversing T cell dysfunction with concomitant treatment with check- point inhibitors; (iii) 
optimization of vaccine immunogen by including multiple HBV antigens; (iv) combining vaccine platforms in heterologous prime- boost strategies; 
and (v) targeting T cells to the liver via, for example, intravenous vaccination. Figure created with BioRender
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of the highest magnitude. Several vaccination approaches 
designed to induce high- magnitude HBV T cell responses 
are currently being evaluated in clinical trials, including 
vaccine VBI- 2601, which utilizes a virus- like particle plat-
form (ACTRN12619001210167) or administration of DNA 
vaccine JNJ- 64300535 using electroporation technology 
(NCT03463369) (129,130).

Other strategies known to induce strong CD8 T cell re-
sponses use vectors given in heterologous prime- boost strat-
egies and have been successful in inducing functional cure 
in animal models of chronic hepatitis B (115,131,132). 
Vaccination with particulate HBsAg and HBcAg has been 
successful in inducing HBsAg loss in a murine model of 
chronic HBV infection when combined with a booster vac-
cination using a modified vaccinia virus Ankara (MVA)- 
encoding HBV core and surface regions (115). This approach 
of combining HBsAg and HBcAg with MVA boost vaccina-
tion requires further investigation in human studies.

Simian adenoviral vector prime MVA vectors boost vac-
cine strategies are among the most potent vaccine combi-
nations for inducing T cell responses in humans (133,134). 
There are several advantages to these platforms that might be 
advantageous for HBV therapy. First, they are able to encode 
large immunogens, making it possible for almost the entire 
HBV genome to be incorporated into the vaccine. This in-
creases the probability that T cell responses towards multiple 
epitopes across individuals with a variety of HLA types will 
be induced. In addition, they are able to induce both T and 
B cell responses in the same vector and their manufacture 
to good manufacturing practice standards is well established.

Therapeutic vaccines using adenoviral and MVA vectors 
have been shown to induce high- magnitude polyfunctional 
HBV- specific T cell responses in preclinical studies (135). 
Two clinical trials are currently ongoing to assess the safety 
and immunogenicity of chimpanzee adenoviral and MVA vec-
tored HBV vaccine candidates in healthy volunteers and indi-
viduals with chronic HBV (GSK3528869A, NCT03866187 
and ChAdOx1- HBV, NCT04297917 [136,137]).

Another potential vaccine platform that might be effica-
cious for HBV therapy are mRNA vaccines, which induce 
robust antibody and T cell responses and have had recent suc-
cess in prophylactic vaccination in SARS- CoV- 2 (reviewed 
in [138]). Although no HBV therapeutic vaccines have em-
ployed the mRNA platform to date, it is an attractive option 
for future development.

Targeting T cells to the liver

Maximizing effective HBV- specific T cells at the site of 
infection might also be critical in inducing HBV functional 
cure. Resident memory T cells have been shown to be key 

for local control of HBV in the liver (46). A prime– pull vac-
cination strategy which employs intramuscular delivery of a 
simian adenoviral vector to prime T cells in the periphery, 
followed by an intravenous boost of MVA- vectored vaccine 
to pull T cells into the liver, was shown to be effective in 
protecting mice from the liver stage of malaria (139). This 
strategy also increased the magnitude of HBV- specific T 
cells in the liver at peak time- point after boost MVA vac-
cination in mice (140), but its effectiveness at inducing HBV 
functional cure remains to be tested. These data support that, 
for hepatotrophic pathogens, it is critical to understand the 
T cell response in the liver in order to optimize vaccine ef-
ficacy. This has not been attempted routinely in human vac-
cine studies due to the invasiveness of liver biopsy. Recently, 
however, fine- needle aspiration (FNA) has been shown to 
be a safe alternative to biopsy that enables serial assess-
ment of local liver immunology (60). Future clinical studies 
should consider FNA as routine to evaluate the intrahepatic 
response to vaccination which can inform and optimize vac-
cine development.

CONCLUSIONS

T cells are key to effective resolution of acute HBV infec-
tion. In chronic infection the T cell response is dysfunctional; 
however, a subset of individuals can go on to develop long- 
term immunological control of the virus, signalled by loss of 
HBsAg. Therapeutic vaccination aims to restore the HBV- 
specific immune response and has demonstrated efficacy in 
inducing functional cure in animal models of chronic HBV. 
Despite disappointing results in human clinical trials thus far, 
therapeutic vaccination remains a promising immunothera-
peutic strategy. Optimizing T cell responses by selecting 
maximally immunogenic vaccine vectors, vaccination routes 
and immunoprotective epitopes, together with agents that re-
duce HBV T cell dysfunction such as immune check- point 
inhibitors, have real potential to overcome the barriers to im-
munological control imposed by chronic infection.
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