
HEPATITIS B (JK LIM, SECTION EDITOR)

Role of Immunomodulators in Functional Cure Strategies for HBV

Benedikt Binder1,2 & Maike Hofmann1,3
& Robert Thimme1,3

# The Author(s) 2020

Abstract
Purpose of Review Chronic Hepatitis B Virus (HBV) Infection is a major global health burden. Currently, a curative therapy does
not exist; thus, there is an urgent need for new therapeutical options. Viral elimination in the natural course of infection results
from a robust and multispecific T and B cell response that, however, is dysfunctional in chronically infected patients. Therefore,
immunomodulatory therapies that strengthen the immune responses are an obvious approach trying to control HBV infection. In
this review, we summarize the rationale and current options of immunological cure of chronic HBV infection.
Recent Findings Recently, among others, drugs that stimulate the innate immune system or overcome CD8+ T cell exhaustion by
checkpoint blockade, and transfer of HBV-specific engineered CD8+ T cells emerged as promising approaches.
Summary HBV-specific immunity is responsible for viral control, but also for immunopathogenesis. Thus, the development of
immunomodulatory therapies is a difficult process on a thin line between viral control and excessive immunopathology. Some
promising agents are under investigation. Nevertheless, further research is indispensable in order to optimally orchestrate
immunostimulation.
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Introduction

Despite the existence of an efficient vaccine, chronic
Hepatitis B Virus (HBV) infection is a major global
health burden with an approximate number of 257 mil-
lion infected individuals and 887,000 deaths per year
worldwide [1]. The risks of chronic HBV infection in-
clude progressive liver disease possibly leading to the
development of liver fibrosis, cirrhosis, and ultimately
hepatocellular carcinoma (HCC). The fact that HBV is
a non-cytopathic virus implies that the liver inflammation
as indicated by elevated serum liver enzymes in patients
is caused by virus-mediated immunopathogenesis.

Current therapeutic options include treatment with
pegylated interferon alpha (pegIFNα) and nucleoside-/
nucleotide-analogues (NUCs). In the majority of cases,
these drugs are capable of limiting hepatic inflammation
and viral replication. Nevertheless, viral elimination is
barely achieved and HCC development is still not
completely abrogated [2, 3], implicating long-time treat-
ment and consequent frequent medical attendance.

There are different definitions of cure in the context of
HBV infection. Partial cure is defined as normalization
of serum transaminases, low viral loads with the pres-
ence of hepatitis B surface antigen (HBsAg) in the blood
and can be achieved by common therapies, e.g., NUC
treatment. Sterilizing or virological cure involves the
complete eradication of the virus, including of the cova-
lently closed circular deoxyribonucleic acid (cccDNA),
the viral persistence reservoir existing as a mini chromo-
some in hepatocytes, and of the HBV DNA that is inte-
grated in the hosts nuclear DNA [4]. Therefore, steriliz-
ing cure is hard to achieve. Functional cure implies the
loss of HBsAg with or without seroconversion to anti-
HBsAg. This is considered a reasonable and realistic
goal of uprising immunomodulatory HBV therapies.
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Immune Responses During Acute Resolving
HBV Infection

Ninety-five percent of adults being infected with HBV are
capable of clearing the virus spontaneously [5]. The immune
response in these individuals is characterized by a strong and
multispecific T and B cell response leading to life-long immu-
nity [6–8]. The important role of B cells in viral control is
highlighted by the high risk of HBV reactivation following
B cell ablation applying the CD20 antibody Rituximab in
patients with controlled HBV infection [9].

The importance of CD8+ T cells in the process of viral
control has been shown by depletion studies, where depletion
of CD8+ T cells after HBV infection of chimpanzees led to
transient persistence of the virus, whereas depletion of CD4+
T cells after infection did not [10]. Nevertheless, CD4+ T cell
depletion prior to infection did lead to viral persistence; most
likely due to the lack of CD4+ T cell-mediated help for CD8+
T cells [11]. Therefore, virus-specific CD8+ T cells are seen as
key players in controlling HBV infection. They can exert di-
verse effector functions including lysis of infected cells via
Fas/FasL and the secretion of perforin and granzymes, as well
as non-cytolytic effector functions via secretion of interferon
gamma (IFNγ) and tumor necrosis factor (TNF) [10, 12–14].
Both cytolytic and non-cytolytic effector functions of CD8+ T
cells seem to be important for viral control in HBV infection
[10, 15, 16].

Immune Failure in Viral Persistence
and Chronic HBV Infection

Ninety percent of the perinatally infected patients and 5% of
the adults are not able to clear the virus [5]. Instead, chronic
HBV infection is established, accompanied by the aforemen-
tioned complications. In these patients, the immune response
is weak and characterized by attenuated B and T cell
responses.

One hallmark of chronic HBV infection is T cell failure,
especially the so-called CD8+ T cell exhaustion. This T cell
state is characterized by impaired proliferative capacity and
effector functions and is associated with the expression of
inhibitory molecules like programmed death 1 (PD-1), cyto-
toxic T lymphocyte-associated Protein 4 (CTLA-4), or T cell
immunoglobulin and mucin-domain containing-3 (TIM-3)
[17]. It is further characterized by mitochondrial alterations
and a distinct transcriptional profile including dysregulation
of T-bet and upregulation of Eomesodermin (Eomes) [18, 19].
The role of the transcription factor Thymocyte selection-
associated high mobility group box protein (TOX) as master
regulator of T cell exhaustion has been highlighted by several
studies [20–22]. However, its role in chronic HBV infection is
unclear and needs to be investigated in future studies.

CD8+ T cell exhaustion has generally been linked to
persisting antigen exposure, the lack of CD4+ T cell help
and the immunosuppressive liver milieu, although the specific
contribution of each of these mechanisms to HBV-related
CD8+ T cell failure remains unclear [23].

Of note, CD8+ T cells targeting different epitopes differ in
their state of exhaustion. Recently, for example, we could
show that HBV polymerase-specific CD8+ T cells express
molecular patterns suggestive of a more severe exhaustion
compared with HBV core-specific CD8+ T cells [24]. CD8+
T cell exhaustion can partially be improved by antiviral ther-
apy and is considered one of the main targets of immunother-
apies [25].

Another mechanism of CD8+ T cell failure is the occur-
rence of viral escape mutations that avoid recognition by
HBV-specific CD8+ T cells, therefore also limiting antiviral
activity [26].

Not only CD8+ T cells but also B cells fail to exert suffi-
cient antiviral functions. HBsAg-specific B cells obtained
from chronically infected patients are impaired in producing
antibodies. This dysfunction is also associated with the ex-
pression of PD-1 [27, 28].

The central role of a strong and well-orchestrated immune
response in terms of viral control and HBV cure has driven
attempts for new immunomodulatory drugs that aim to im-
prove B and T cell functionality in order to gain control over
the global burden of HBV.

Immunotherapeutic Options

The current immunotherapeutic approaches can be divided by
their targets. The most promising approaches aim to stimulate
the innate and/or adaptive immune system via direct agonists,
checkpoint-blockade, or therapeutic vaccination, or work via
T cell transfer (Fig. 1). An overview about the therapies cur-
rently under investigation in clinical trials is provided in
Table 1.

Stimulating the Innate Immune System

HBV is considered a stealth virus that does not induce innate
immune responses in terms of induction of interferon-
stimulated genes (ISGs) [29]. Therefore, stimulation of the
innate immune system is expected to result in a more efficient
anti-HBV immune response. Several pathways that are linked
to innate immune functions lead to the activation of the tran-
scription factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NFκB), hereby exerting antiviral activity.
Therefore, these pathways are potential targets of HBV im-
munotherapy. Currently, the stimulation of toll-like receptors
(TLRs), the cytoplasmic stimulator of interferon genes
(STING), and of the pattern recognition receptor retinoic
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acid-inducible gene I (RIG-I) have been highlighted as prom-
ising approaches in this respect (Fig. 1).

TLRs are pattern recognition receptors that are expressed
on myeloid cells, but also in lower amount on hepatocytes.
Following stimulation, an innate immune response can be
induced via Myeloid differentiation primary response 88
(MyD88) and NFκB. Several agonists of different TLRs have
been tested upon their antiviral efficacy.

One agent under investigation is the TLR7 activator GS-
9620 (Vesatolimod). In the woodchuck model of Hepatitis B,
activation of TLR7 led to a reduction in the replication of
woodchuck hepatitis virus (WHV), accompanied by reduction
of woodchuck hepatitis surface antigen (WHsAg) levels and

by anti-WHs seroconversion in some animals [30]. In HBV-
infected chimpanzees, treatment with GS-9620 led to ISG
induction and activation of natural killer (NK) cells, followed
by suppression of viral replication that lasted longer than the
treatment itself [31]. However, despite induction of T- and
NK-cell responses by GS-9620, antiviral effects could not be
observed in humans [32, 33].

The TLR8 agonist GS-9688 (Selgantolimod) also showed
antiviral effects in the woodchuck model, specifically reduc-
tion of viral load and anti-WHsAg seroconversion in some
animals [34]. Other TLR agonists targeting TLR1/2/3 exert
antiviral activity in vitro, as shown by inhibition of viral rep-
lication in HBV-infected primary human hepatocytes [35].

Fig. 1 Immunotherapeutical
options in chronic HBV infection.
The most promising approaches
to immunological cure of chronic
HBV infection are restoration of
CD8+ T cells by checkpoint
blockade, induction of innate
immune responses via TLR
agonists or activators of
cytoplasmic molecules in
myeloid cells, transfer of
engineered CD8 T+ cells
expressing HBV-specific T cell
receptors and therapeutic
vaccinations

Table 1 Overview about immunomodulatory therapies currently under investigation in clinical trials

Mechanism Drug Format Target Phase

Immunostimulation GS-9620 Small molecule TLR7 agonist Phase 2

Immunostimulation GS-9688 Small molecule TLR8 agonist Phase 2

Immunostimulation SB9200 Small molecule Activator of RIG-I + NOD2 Phase 2

Checkpoint blockade Nivolumab Monoclonal antibody PD-1 blockade Phase 2

Checkpoint blockade HLX10 Monoclonal antibody PD-1 blockade Phase 2

Therapeutic vaccine ChAdOx1-HBV Adenoviral vector Phase 1

Therapeutic vaccine VVX001 preS domain Phase 2

Therapeutic vaccine CVI-HBV-002 L-HBsAg + L-pampo Phase 2

Therapeutic vaccine JNJ-64300535 Electroporation mediated DNA-vaccine Phase 1

Therapeutic vaccine GS-4774 Yeast-based vaccine Phase 2

T-cell transfer TCR redirected CD8+ T cells Phase 1

T-cell transfer Adoptive transfer of γδT cells Early phase 1
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Ligands for TLR3/4/5/7/9 inhibited HBV replication in a non-
cytopathic manner in an HBV transgenic mouse model [36].

Further studies will need to prove antiviral effects in
humans. Of note, the expression of TLR7 differs strongly in
mice, woodchucks, and humans. Indeed, in humans, TLR7
and TLR8 are only weakly expressed on hepatocytes [37].
Depending on TLR expression, TLR agonists directly interact
with the immune system or with hepatocytes as well.
However, control of HBV replication by application of TLR
agonists in mice was found to be mediated by non-
parenchymal liver cells such as Kupffer cells and sinusoidal
endothelial cells [38].

Another promising target is the cytoplasmic pattern recog-
nition receptor RIG-I that can induce an antiviral response
upon stimulation by ribonucleic acids (RNA) via NFκB and
Interferon regulatory factor 3 (IRF3) [39–41]. SB-9200
(Inarigivir) is an activator of RIG-I and nucleotide-binding
oligomerization domain-containing 2 (NOD2), which exerts
antiviral activity in the WHV model, where a dose-dependent
reduction of WHsAg could be observed. This effect could be
boosted by subsequent therapy with the NUC entecavir [42].
Anti-HBV activity could also be observed after stimulation
with modified small interfering RNAs (siRNAs) [43].

STING is another cytoplasmic target of HBV immunotherapy
that also activates NFκB and has been shown to suppress HBV
replication upon stimulation. Cytoplasmic DNA can be sensed
by cyclic guanosine monophosphate–adenosine monophosphate
synthase (cGAS), which then activates STING, leading to acti-
vation of NFκB and IRF3. This leads to an initiation of an innate
immune response [44, 45]. In contrast to myeloid cells, human
hepatocytes do not seem to express STING [46]. Nevertheless,
activation of the cGAS-STING-pathway by HBV-derived dou-
ble-stranded DNA or by the STING agonist 5,6-
dimethylxanthenone-4-acetic acid (DMXAA) in a hepatoma cell
line leads to suppression of viral assembly, induction of ISG56,
and inhibition of viral replication as measured by secretion of
HBsAg [47, 48]. Furthermore, viral replication could be sup-
pressed in vitro and in vivo in a mouse model dependent on
transfection of an HBV replicating plasmid [49], thus making
the cGAS-STING-pathway an interesting target for HBV
immunotherapy.

Induction of the Adaptive Immune System

Since HBV infection cannot be cleared due to an impaired
immune response, which is mainly characterized by CD8+ T
cell exhaustion, it is an obvious and also promising approach
to try to restore CD8+ T cell functionality by overcoming the
mechanisms of exhaustion (Fig. 1).

The predominant marker of exhaustion of HBV-specific
CD8+ T cells is PD-1. Noteworthy, blockade of PD-1 resulted
in the strongest increase in CD8+ T cell function in vitro,
compared with other inhibitory receptors. This effect was

linked to intermediate T cell differentiation [50]. The effect
of PD-1 blockade on HBV-specific CD8+ T cells from blood
and liver of chronically infected patients could in some cases
be boosted by the addition of CD137L [51, 52] and was
shown to be more efficient in HBeAg+ patients [53]. But
not only CD8+ T cells are affected by checkpoint inhibitors.
Noteworthy, the function of HBsAg-specific B cells obtained
from chronically infected individuals could also be partially
restored by PD-1 blockade in vitro [27, 28].

In the woodchuck model, blockade of PD-L1 in combination
with entecavir and therapeutic DNA vaccination led to suppres-
sion of viral replication and, in some animals, to viral elimination
and seroconversion [54]. A first study in humans reported that
checkpoint blockade with nivolumab in HBeAg-negative pa-
tients with suppressed viral load led to a decline of HBsAg in
most patients and clearance in one patient [55••]. Monoclonal
antibodies against PD-1 like nivolumab andHLX10 are currently
under investigation in clinical trials (Table 1).

Another inhibitory receptor under investigation is CTLA-4.
Blocking CTLA-4 with monoclonal antibodies resulted in an in-
creasedexpansionofhepaticandperipheralbloodIFNγ-producing
CD8+T cells in vitro, indicating a possible role of other inhibitory
molecules that may be tested in a clinical setting [56].

Clearly, when interfering with inhibitory pathways of
virus-specific CD8+ T cells, it will be important to avoid the
induction of excessive liver damage while exerting antiviral
functions or killing infected hepatocytes. Fortunately, early
studies with PD1 blockade did not observe significant side
effects in patients with chronic HBV infection [55••].

Therapeutic Vaccination

Instead of restoring compromised immune cells, therapeutic
vaccinations aim to induce new immune responses by expos-
ing the immune system to modified HBV antigens (Fig. 1).
Inserting immunogenic components of HBV such as HBsAg
or Hepatitis B core antigen (HBcAg) into the organism has the
goal, similar to a preventive vaccination, to induce adaptive
immune responses that can control the infection and ideally
result in life-long immunity.

However, most studies thus far failed to show significant
antiviral effects. For example, intramuscular application of
HBsAg after a 6-month NUC treatment did not lead to a more
frequent loss of HBsAg compared with a control group [57].
Similarly, a combination of HBsAg and HBcAg showed no
benefit compared with pegIFNα at the end of therapy.
However, HBV suppression under the detection level was
more frequent in the vaccine group 24 weeks after the end
of therapy [58]. Thus, these combined results indicate that
the sole application of viral components is not sufficient to
induce immune responses leading to viral control.

Other approaches work with yeast-based vaccines that are
thought to have a stronger immunogenic potential. GS-4774 is
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a yeast-based therapeutic vaccine engineered to express HBV
antigens. In clinical trials, HBsAg reduction was not observed
after treating HBV patients with viral load of > 2000 IU/ml.
However, production of IFNγ, TNF, and IL-2 by HBV-
specific CD8+ T cells increased in these patients but did not
reach comparable levels as in patients with acute self-limiting
infections. Moreover, modulations in dendritic cells could not
be observed [59]. In summary, the immunomodulatory effects
of GS-4774 seem to be too mild to efficiently reduce HBV
replication, and higher doses that may lead to a stronger acti-
vation of adaptive immune responses were not tolerated by the
patients [59].

In a recent proof of principle-study inmice, a vaccine based
on cell-permeable HBV capsids was used. Specifically, the
preS1preS2 domain served as antigen and was able to induce
a specific cellular immune response and neutralizing antibod-
ies, followed by lysis of HBV-infected cells, although changes
in viral loads were not reported [60]. Therefore, the antiviral
efficacy of thismethod remains unclear. However, it still high-
lights an interesting concept that can be further analyzed in
future studies.

Currently, the therapeutic vaccine candidates VVX001
(preS1 domain), CVI-HBV-002 (large HBsAg), JNJ-
64300535 (DNA vaccine), and ChAdOx1-HBV (adenoviral
vector) are under investigation in clinical trials (Table 1).

T Cell Transfer

Besides restoring or inducing the hosts’ immune responses,
there is also the possibility to transfer fully functional HBV-
specific T cells into the host (Fig. 1). Different methods of
engineering CD8+ T cells to express HBV-specific T cell
receptors (TCRs) have been established. Retroviral transduc-
tion of TCRs leads to a stable and permanent expression, thus
exerting strong and durable antiviral responses, but also in-
ducing severe tissue damage. Excessive immunopathology
can be avoided by limiting the time span of TCR expression.
This can be achieved by electroporation of the T cells and
introduction of the messenger RNA (mRNA) of an HBV-
specific TCR. Adversely, however, the transient TCR expres-
sion might also hinder long-lasting antiviral effects.

The concept of T cell transfer is based on the finding that
chronically HBV-infected patients receiving allogenic hema-
topoietic stem cell transplantation (alloHSCT) from individ-
uals with HBV immunity can resolve the infection [61, 62].
However, the fact that alloHSCT is associated with numerous
and severe side effects prohibits this procedure as a therapeu-
tic option in clinical routine.

One approach is that CD8+ T cells are equipped with an
HBV-specific chimeric TCR by retroviral transduction,
resulting in so-called chimeric antigen receptor T cells
(CAR T cells). This TCR is composed of an antibody frag-
ment directed against epitopes in the HBsAg that is fused to an

intracellular domain of CD3 and the costimulatory molecule
CD28. These engineered CD8+ T cells are able to recognize
and lyse HBV-infected hepatocytes in vitro, thus potentially
eradicating the viral persistence reservoir cccDNA [63]. In a
model of HBV-transgenic mice, the antiviral effect could be
confirmed and liver damage was only transient [64]. In HBV-
infected human liver chimeric mice, HBsAg-specific CAR T
cells were also able to reduce HBV replication, supporting the
potential of this interesting immunological tool [65•].

Encouraging results have also been reported with T cells
that have been electroporated with mRNA encoding for
HBsAg- and HBcAg-specific TCRs. These cells could reduce
HBV replication in a non-cytopathic manner by activation of
apolipoprotein B mRNA editing enzyme, catalytic polypeptide
3 (APOBEC3) in humanized mice and HBV-infected HepG2-
hNTCP-cells, a model previously described as a tool to inves-
tigate HBV infection in vitro [15, 66]. In another study,
electroporated T cells that were engineered to transiently ex-
press an HBsAg-specific TCR were able to reduce viral load
accompanied by reversible increase of serum transaminases in
HBV-infected human liver chimeric mice, thus highlighting a
possible way to limit the risk of immunopathology by
restricting the duration of T cell activity [67].

Engineered T cells are further investigated in the context of
malignancies. One such example is HBV-related HCC, where
antitumoral and antiviral functions can be combined. CD8+ T
cells that were taken from a patient with HBV-associated
HCC, genetically modified to express an HBsAg-specific
TCR and then put back into the patient they were obtained
from (so-called autologous TCR-redirected T cells), were able
to recognize tumor cells expressing HBsAg. Accordingly,
HBsAg levels declined and no exacerbation of liver inflam-
mation was observed [68].

Therefore, engineered T cells might present a future meth-
od to clear hepatitis B infection, even though high costs and
extensive efforts are currently necessary for this treatment.

Conclusion

The dichotomy of the immune system in establishing viral
control on the one hand and causing organ damage by immu-
nopathology on the other hand implies the need of a thorough-
ly balanced activation of immune responses. This narrow ben-
eficial corridor is difficult to achieve. Many promising sub-
stances tested in vitro failed to proof sufficient antiviral effects
in vivo. Therefore, combinations of different approaches and
personalized therapeutic regimes are most likely required to
successfully reach HBV cure.

The struggle developing new antiviral therapies is compli-
cated by the lack of easily accessible animal models, since
mice are not susceptible to human HBV and need to be con-
ditioned (e.g., by humanization), and research on chimpanzees
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is no longer allowed, thus highlighting the importance of
ex vivo studies with human cells and also the need for pre-
clinical animal models.

Another important aspect is that sterilizing cure including
the eradication of all viral DNA is currently not a realistic
option, since most of the abovediscussed therapies fail to de-
grade cccDNA without inducing an inacceptable amount of
liver damage. In order to develop a sterilizing immunothera-
peutic cure, much more effort on understanding the interac-
tions of the host’s immune system with cccDNA is needed.

Clearly, we need to better understand and further investi-
gate mechanisms of failure of the immune response in chron-
ically infected patients focusing on the key effector cells such
as CD8+, CD4+ T cells, and B cells, in order to optimally
orchestrate immune stimulation leading to cure of chronic
HBV infection.
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