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Abstract: The hepatitis B virus is responsible for most of the chronic liver disease and liver cancer
worldwide. As actual therapeutic strategies have had little success in eradicating the virus from
hepatocytes, and as lifelong treatment is often required, new drugs targeting the various phases of
the hepatitis B virus (HBV) lifecycle are currently under investigation. In this review, we provide an
overview of potential future treatments for HBV.
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1. Introduction

Hepatitis B virus (HBV) is a major cause of chronic liver disease: more than 257 million
people worldwide have chronic hepatitis B (CHB), and 600,000 to one million people die
annually due to CHB complications [1]. Available treatments suppress viral replication,
but are not able to eradicate the virus from hepatocytes, largely due to the persistence of
viral covalently closed circular deoxyribonucleic acid (cccDNA) and the incapacity of the
immune system to establish an adequate immune response [2]. This results in a necessity
to prolong treatments with nucleos(t)ide analogues (NA) for life; however, this does not
eliminate the risk of developing liver cancer [3]. More profound knowledge of the HBV
lifecycle has favored pharmacological research, and new drugs against specific targets have
been developed or are under investigation [4].

We report a non-systematic review, organized using the following electronic sources:
PubMed, EMBASE, Google Scholar, Ovid, Scopus, register of clinical trials (ClinicalTrials.gov),
the Cochrane controlled trials register, and Web of Science. Research articles and oral com-
munications presented during the European Association for the Study of the Liver (EASL)
and American Association for the Study of Liver Diseases (AASLD) congresses during the
last 10 years were also considered. We used the following main search terms: “HBV and new
therapies”, “HBV replicative cycle”, “HBV and ongoing clinical trials”, “HBV new vaccines”,
HBV and immunotherapy”, and “HBV and genic therapy”. We excluded articles with full
text not available, not in English language, book chapters, abstracts, case reports, and articles
published before 1990. Finally, we considered references cited among the articles analyzed in
the first search.
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2. Hepatitis B Virus Replication Cycle

HBV entry into hepatocytes is mediated by the interaction between hepatitis B
surface antigen (HBsAg) and sodium taurocholate cotransporting polypeptide (NTCP),
which is specifically expressed on hepatocytes and functions to uptake bile salts into
hepatocytes [5,6]. The tyrosine kinase receptor epidermal growth factor receptor (EGFR)
triggers the viral particle internalization through its interaction with NTCP [7,8]. Next,
the nucleocapsid is released into the cytoplasm and heads toward the nucleus in an active
microtubule-dependent manner [9], then enters the nucleus through the nuclear pore
complex [10]. In the nucleus, the relaxed circular DNA (rcDNA) released from viral capsids
is modified to covalently closed circular DNA (cccDNA) by host polymerases, ligases, and
topoisomerase, and persists episomically in the nucleus of infected hepatocytes [11–14].
cccDNA is relatively stable in quiescent hepatocytes, and the mechanisms that regulate
its stability are complex and not fully understood but include immune responses and
cytokine stimuli [15]. A recent study has postulated that cccDNA has a turnover rate of
several months, instead of decades, as previously supposed [16], and its half-life has been
estimated to be about 40 days [17,18]. Part of the incoming viral genome integrates into
the host cell genome and can act as a template for HBs synthesis [19].

cccDNA works as a template for the transcription of viral pre-genomic ribonucleic
acid (pg-RNA) and messenger RNAs (mRNAs) encoding for viral proteins. They include
HB core protein (HBc), HB E antigen (HBe), and viral polymerase, which has DNA elonga-
tion activity for both reverse transcription and DNA-dependent DNA polymerization of
three types of HB surface antigens and HB X protein (HBx) [19]. HBV polymerase binds to
pgRNA and is subsequently encapsidated inside 120 core protein dimers, forming a new
viral particle. During this process, the polymerase interacts with the epsilon stem loop of
the pgRNA, forming a ribonucleoprotein complex that is included in the capsid [20,21].
This encapsidation is facilitated by host chaperones and mediated by RNA-binding motif
protein 24 (RMB24) [19]. Once in the capsid, viral polymerase retro-transcribes pgRNA to
rcDNA. At this point, the viral capsid can be covered by an HBsAg-containing envelope
and exit the cell as an infecting viral particle, or return to the nucleus and reconstitute the
cccDNA reservoir [17]. Figure 1 presents the principal phases of the HBV replicative cycle.

In the following section, we review the principal novel therapies in development for
the treatment of HBV infection. Tables 1 and 2 detail the clinical trials assessing these
new drugs.
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Table 1. Principal clinical trials evaluating new direct antiviral agents. PEG-INF: pegylated interferon alpha; Myr: Myrcludex; ETV: entecavir; CHB: chronic hepatitis B; CHD: chronic
hepatitis D; TDF: tenofovir disoproxil fumarate; TAF: tenofovir alafenamide; RNA: ribonucleic acid; DNA: deoxyribonucleic acid; BSV: besifovir; HBsAg: hepatitis B surface antigen;
HBeAg: hepatitis B e antigen; HBV: hepatitis B virus; HDV: hepatitis D virus; ALT: alanine aminotransferase; AST: aspartate aminotransferase; pgRNA: pre-genomic ribonucleic acid.

Entry Inhibitors Reference Study Type Results Adverse Events, Limitations/Comment

Bulevirtide
(Myrcludex B, Myr)

ClinicalTrials.gov
Identifier: NCT02888106

Phase 2 randomized, comparative,
parallel-arm study in combination with

peginterferon alfa-2a versus peginterferon
alfa-2a alone in patients with CHB

with delta-agent.

HBsAg response defined as ≥1 log10
decline or negativity at 24 weeks after the

end of treatment was noted in 46.7% of
the patients treated with bulevirtide 2 mg

plus PEG-IFN-α and in 20% receiving
bulevirtide 5 mg plus PEG-IFN-α. RNA

HDV negativization was reached majorly
in groups treated with Myrcludex.

Total bile acids increased, fever, flu like
symptoms, and neutropenia.
Phase 2 study with a small

study population

ClinicalTrials.gov
Identifier: NCT03546621

Phase 2 multi-center, open-label,
randomized clinical trial on Myr in

combination with tenofovir, compared to
tenofovir alone for the suppression of

HBV replication in patients with CHD.

HDV RNA negativization or decrease
were statistically superior in groups

receiving Myr + tenofovir

Blood and lymphatic system disorders,
anemia, Total bile acids increase, ALT and

AST increase, and nausea. Small
study population

ClinicalTrials.gov
Identifier: NCT02881008

A randomized, open-label multi-center
clinical trial considering Myr at four

different doses vs. entecavir.

No differences in response between Myr-
or ETV-treated groups

Eosinophilia, leukopenia, abdominal pain
(upper), asthenia. Small study population

RNA Interference Reference Study Type Results Adverse Events, Limitations/Comment

ARC-520 ClinicalTrials.gov
Identifier: NCT02065336

Interventional, randomized, parallel
assignment study to evaluate the efficacy

and safety of ARC-520 in single or
multiple doses vs. entecavir,

chlorpheniramine, or placebo.

Strong reduction in HBsAg levels in
patients HBeAg positive and naïve.

Influenza-like symptoms, pyrexia, rash.
This study was terminated for regulatory
and business reasons, due to the results of

a non-clinical toxicology study.

ARB-1467 ClinicalTrials.gov
Identifier: NCT02631096

Interventional, randomized,
single-blinded, placebo-controlled study.

All 12 HBeAg-negative chronically
infected patients experienced reductions
in serum HBsAg levels, with an average
reduction in serum HBsAg of 1.4 log10

No serious adverse events, ALT values
remained normal

VIR-2218

ClinicalTrials.gov
Identifier: NCT03672188

Interventional, randomized, quadruple
masking, placebo-controlled study Not available Not available

Clinical-Trials.gov
Identifier: NCT02826018

Interventional, randomized, single-blind,
placebo-controlled study Not available Not available

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
Clinical-Trials.gov
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Table 1. Cont.

JNJ-3989

ClinicalTrials.gov
Identifier: NCT03982186

Interventional, multi-center, double-blind,
active-controlled, randomized study Not available Not available

ClinicalTrials.gov
Identifier: NCT04129554

Interventional, randomized, double blind,
placebo-controlled study Not available Not available

Core Protein
inhibitors (class) Reference Study type Results Adverse events, limitations/comment

NVR 3-778
(I) Yuen et al., Gastroenterology, 2019. Interventional, randomized, single-group

assignment, phase 1 study

HBV DNA and HBV RNA reduction were
observed in patients receiving >1200
mg/day NVR 3-778. No significative

reduction in HBsAg levels

Fatigue, influenza-like symptoms,
eczema. Viral rebound was observed after

cessation of therapy.

JNJ-6379
(II)

ClinicalTrials.gov
Identifier: NCT04667104

Interventional, phase-2, open-label,
single-arm, multi-center study Not available Not available

ClinicalTrials.gov
Identifier: NCT04439539

Interventional, randomized, randomized,
open-label, multi-center study Not available Not available

ClinicalTrials.gov
Identifier: NCT03361956

Interventional, phase 2a, randomized,
partially blind, placebo-controlled study Not available Not available

RO7049389
(I)

ClinicalTrials.gov
Identifier: NCT02952924

Interventional, randomized, double
masking, parallel assignment study

HBV DNA and HBV RNA decline
observed across all cohorts

HBsAg did not change significantly.
Small study population and brief

duration of treatment

ABI-H0731
(II)

ClinicalTrials.gov
Identifier: NCT03577171

Interventional, randomized, triple blind,
placebo-controlled, multi-center study

Combination of ABI-H0731 and ETV
determined greater decline of HBV DNA

and HBV RNA

Rush, influenza-like symptoms. Small
study population

ClinicalTrials.gov
Identifier: NCT03576066

Interventional, randomized, double blind,
placebo-controlled, multi-center study

100% of HBeAg negative patients had
suppressed HBV DNA and pgRNA < 20

Nausea, diarrhea, upper respiratory tract
infection. Small study population

ClinicalTrials.gov
Identifier: NCT04781647

Interventional, randomized, open-label,
multi-center study Not available Not available

ClinicalTrials.gov
Identifier: NCT04454567

Interventional, randomized, double blind,
multi-center study Not available Not available

GLS4
(I)

ClinicalTrials.gov
Identifier: NCT04147208

Interventional, randomized, open-label,
multi-center study Not available Not available

ClinicalTrials.gov
Identifier: NCT04551261

Interventional, non-randomized,
open-label, multi-center study

Decline in level of HBV DNA were
between −1.42 and −3.5 log10 IU/mL ALT, AST, and GGT elevation

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
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Table 1. Cont.

ABI-H2158

ClinicalTrials.gov
Identifier: NCT03714152

Interventional, randomized, triple
blinded, placebo-controlled,

multi-center study

HBV DNA mean change from baseline
were −2.3, −2.5, and −2.7 log10 IU/mL in
patients receiving ABI-H2158 100 mg, 300
mg, or 500 mg, respectively, for 2 weeks

Hypertriglyceridemia, dyspepsia,
insomnia, elevated ALT

ClinicalTrials.gov
Identifier: NCT04398134

Interventional, randomized, double
blinded, placebo-controlled,

multi-center study
Not available Not available

JNJ-0440 ClinicalTrials.gov
Identifier: NCT03439488

Interventional, randomized, double
blinded, placebo-controlled study. Not available Not available

Novel Polymerase
Inhibitors Reference Study type Results Adverse events, limitations/comment

Tenofovir Exalidex ClinicalTrials.gov
Identifier: NCT03279146

Phase 1, interventional, open-label, part
randomized study Not available Not available

Besifovir

ClinicalTrials.gov
Identifier: NCT04202536

Interventional, randomized, open-label,
multi-center study Not available Not available

ClinicalTrials.gov
Identifier: NCT02792088

Interventional, randomized, double
blinded, multi-center clinical trial Not available Not available

Do Seon Song, et al., Clin Mol
Hepatol, 2021

Interventional, randomized, double
blinded, multi-center clinical trial. There

were two treatment arms: Besifovir
(150 mg QD) + L-carnitine (660 mg

QD) + placebo vs. TDF (300 mg
QD) + placebo + placebo for the first

48 weeks then both arms received
Besifovir (150 mg QD) + L-carnitine

(660 mg QD) for 48 weeks

Virological response rates were similar in
the two arms.

Bone mineral density and renal function
were well-preserved

Yeon Woo Jung et al., J Korean Med
Sci, 2020

Interventional, randomized, open-label,
multi-center clinical trial

BSV + carnitine, as compared to ETV or
TDF, was not associated with hepatic

steatosis improvement

Small study population (24 vs. 251), small
follow-up period (6 months)

ClinicalTrials.gov
Identifier: NCT04249908

Interventional, non-randomized,
open-label to assess pharmacokinetics in

impaired renal function
Not available Not available

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
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Table 2. Some of the main immunomodulatory drugs under investigation in the HBV chronic infection field. TLR: toll-like receptor; CHB: chronic hepatitis B; ISG15: interferon stimulating
gene 15; HBsAg: hepatitis B surface antigen; HBeAg: hepatitis B early antigen; HBV: hepatitis B virus; DNA: deoxyribonucleic acid; NAs: nucleo(s)tide analogues; TAF: tenofovir
alafenamide fumarate; PD: programmed death cell protein; ALT: alanine aminotransferase; GI: gastro-intestinal; FxR: farnesoid X receptor.

Drugs Reference Study Type Results Adverse Events/Limits

VESATOLIMOD
(GS-9620)

TLR7 agonist

Janssen HLA, J Hepatol. 2018;
68(3):431–440.

Phase II, multi-center, double-blind,
randomized, placebo-controlled trial on the
safety, efficacy, and pharmacodynamics of

vesatolimod in CHB patients

No significant differences in HBsAg levels
were observed among the

different groups.
Fatigue, nausea, headache

Agarwal K, J Viral Hepat.
2018;25(11):1331–1340.

Phase II, multi-center, randomized,
double-blind, placebo-controlled study.

No significative differences in HBsAg
changes from baseline were observed.

HBV DNA suppression rates were similar
among the different groups.

Chills, fatigue, nausea, headache.

RO7020531
TLR7 agonist

ClinicalTrials.gov
Identifier: NCT02956850

Phase I multi-center, randomized,
placebo-controlled study to evaluate the safety,

tolerability, pharmacokinetics, and
pharmacodynamics of RO7020531 in healthy

volunteers and CHB patients

Not available Not available

RO6864018
(RG7795)

TLR7 agonist

ClinicalTrials.gov
Identifier: NCT02391805

Phase II multi-center, randomized, partially
double blind, placebo-controlled study to

assess the safety, tolerability,
pharmaco-kinetics/dynamics, and antiviral

effect in virologically suppressed HCB patients

Not available Not available

JNJ-4964
(AL-034/TQ-

A3334)
TLR7 agonist

ClinicalTrials.gov Identifier:
NCT04180150

Phase II randomized, double-blind,
placebo-controlled study to evaluate the safety

and efficacy of the drug in virologically
suppressed or not CHB patients

Not available Not available

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov


Viruses 2021, 13, 1767 7 of 30

Table 2. Cont.

Drugs Reference Study Type Results Adverse Events/Limits

SELGANTOLIMOD
(GS9688)

TLR8 agonist

Gane EJ, Hepatology,
https://doi.org/10.1002/hep.31795

Phase Ib, randomized, placebo-control study in
viremic and virally suppressed CHB patients,
in order to assess the safety and tolerability of

the drug

Selgantolimod was safe and tolerated
well in both viremic and virally

suppressed CHB patients
Headache, nausea, and dizziness

ClinicalTrials.gov
Identifier: NCT03615066

Phase II multi-center, double-blind,
randomized, placebo-controlled trial to

evaluate the safety, tolerability, and anti-viral
activity of selgantolimod in CHB naïve patients

No differences in HBsAg levels or
HBV DNA Not available

ClinicalTrials.gov
Identifier: NCT03491553

Phase II multi-center, double-blind,
randomized, placebo- controlled trial to

evaluate safety, tolerability, and anti-viral
activity of selgantolimod in CHB virologically

suppressed patients

HBsAg negativization in 10–22% of the
patients; a minority of HBeAg positive

subjects obtained seroconversion
Not available

NIVOLUMAB
PD-1 inhibitor

Gane E, J Hepatol. 2019;
71(5):900–907.

Phase I single center, open-label clinical trial
assessing the safety and efficacy of nivolumab

with or without GS-4774 (a yeast based
therapeutic vaccine) in CHB patients

Declines of HBsAg levels were more
evident in the association therapy groups

than with Nivolumab alone.

Fatigue, cough, headache increase of
ALT levels.

CEMIPLIMAB
Anti PD-1

monoclonal
antibody

ClinicalTrials.gov
Identifier: NCT04046107

Phase I–II ascending multiple doses, open-label,
non-randomized clinical trial assessing the
safety and efficacy of cemiplimab in CHB

virally suppressed patients.

Not available Not available

ENVAFOLIMAB
(ASC-22)

PD-L1 single
domain antibody

Fc fusion

ClinicalTrials.gov
Identifier: NCT04465890

Phase II randomized, parallel assignment study
to evaluate the safety, tolerability, and efficacy
of ASC-22 in CHB HBeAg-negative, already

treated with NAs patients.

Not available
The phase IIa reported only grade

1 AE, highlighting the drug
tolerability. IIb not available.

https://doi.org/10.1002/hep.31795
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
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Table 2. Cont.

Drugs Reference Study Type Results Adverse Events/Limits

HLX10
Anti PD-1

humanized
monoclonal

antibody

ClinicalTrials.gov
Identifier: NCT04133259 Phase II multi-center, open-label clinical trial. Not available Not available

EYP001a
FxR agonist

Erken R, J Hepatol, 2018.
68(1):S488-S489

Phase I, open-label, randomized, 4-way
cross-over study in subjects with chronic HBV

infection, in order to assess the
pharmacokinetics (fasted/fed), safety,

tolerability, and pharmacodynamics of single
oral doses of EYP001

Oral doses of EYP001a were
well-tolerated and induced a long-lasting
engagement of FxR. HBV markers were

not reduced significantly after single oral
doses, but an in silico model showed an

inhibitory effect of the drug on HBV
replication with prolonged treatment.

Mild, short-lasting GI AE.

ClinicalTrials.gov
Identifier: NCT04365933

Phase IIa multi-center, randomized open-label
experimental study to assess EYP001a safety

and antiviral effect in non-treated CHB patients
in combination with ETV and pegylated

IFN alpha2a

Not available Not available

APG-1387
Inhibitor of

apoptosis protein
(IAP) inhibitor

ClinicalTrials.gov
Identifier: NCT04568265

Phase II multi-center, open-label study to
evaluate the safety, tolerability,

pharmacokinetic profile, and preliminary
anti-HBV efficacy of APG-1387 in combination

with entecavir, and to determine its
optimal dose

Not available Not available

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
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Figure 1. The replicative cycle of hepatitis B virus (HBV). Details about the various phases of this process are described
in the text. HBV: hepatitis B virus; EGFR: epithelial growth factor receptor; NTCP: sodium/taurocholate cotransporting
polypeptide; rcDNA: relaxed circular deoxyribonucleic acid; cccDNA: covalently closed circular DNA; HBV RNAs: HBV
ribonucleic acids; Pol: viral polymerase; HBx: hepatitis B protein x; HBc: hepatitis B core protein; HBeAg: hepatitis B E
antigen; HBsAg: hepatitis B surface antigen; SVP: small vesicle particle.

3. Direct Antiviral Agents

This class includes entry receptor blockers, RNA interference blockers, core protein
inhibitors, and novel polymerase inhibitors, which are expected to expand the therapeutic
options, alongside the implementation of the already existing ones. Table 1 details the
principal clinical trials evaluating these drugs.

3.1. Entry Inhibitors

Bulevirtide (myrcludex B or hepcludex, BVT) is a myristolated lipopeptide of the
pre-S1 domain of the HBV l-surface protein, which can irreversibly bind to NTCP, thus
blocking the entry mechanism of the virus [22]. The European Medicines Agency (EMA)
approved the use of BVT for the treatment of hepatitis D virus (HDV) infection in 2020 [23].
HDV-infected patients treated with BVT and peg-interferon (PEG-IFN) showed a reduction
in both HBV and HDV replication without reaching a functional cure [24]. A phase 3 study
with BVT alone or in association with PEG-IFN is ongoing [NCT03852719, NCT03852433].
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3.2. RNA Interference

Gene silencing is mostly caused by small duplex RNAs such as short interfering
RNAs (siRNA) and microRNAs (miRNA) [25]. siRNA and miRNA bind to complementary
mRNA, triggering its degradation [26]. Once miRNA molecules reach the cytoplasm,
one strand of miRNA—the guide sequence—binds the RNA-induced silencing complex
(RISC) [27]. At this moment, there are two possibilities: miRNA can partially bind mRNA
or it can perfectly bind mRNA. In the first case, miRNA carries RISC to mRNA, causing
deadenylation and the subsequent degradation of mRNA. In the second case, the perfect
base pairing between the miRNA and mRNA can activate the complex Argonaute 2-RISC,
which can directly cleave the mRNA. The second case is commonly used for therapeutic
applications involving the creation of artificial miRNA. Artificial sequences are synthetized
to reprogram silencing in different steps of the miRNA biosynthesis pathways [25]. Then,
upon an adequate bond, Argonaute 2 (Ago-2), a part of RISC, can directly cleave the mRNA.
As described previously, pgRNA and mRNA-encoding HBV proteins are fundamental for
HBV replication, and the inhibition of pgRNA generation may result in the reduction in
HBV virions recycling into the nucleus, therefore reducing the cccDNA pool [17]. An impor-
tant step in the development of treatments with RNA interference (RNAi) is determining
how to deliver these molecules to the hepatocytes. Two strategies are available: small-sized
(diameter < 100 nm) lipid nanoparticles (LNPs), which avoid sequestration during circula-
tion, and cross-capillary fenestrations to reach hepatocytes while N-acetylgalactosamine
(GalNac/NAG)-conjugated particles are taken up by asialoglycoprotein receptors (ASGPR)
on hepatocytes [28].

ARC-520 siRNA is well-tolerated and has been shown to cause a significant reduction
in HBsAg in untreated HBeAg-positive patients, but not in HBeAg-negative ones or those
treated with nucleos(t)ide analogue drugs [29]. Successive trials have shown a mild
reduction in HBsAg in these patients [29].

ARC-521 is a second-generation siRNA capable of interacting with a wider spectrum
of HBV transcripts, which has been demonstrated to reduce HBsAg and HBV DNA serum
levels [30]. However, as lethal toxicity of a delivery formulation in non-human primates
has been shown, trials with ARC-520 and ARC-521 were terminated.

JNJ-3989 is a siRNA conjugated with Gal/NAc, which inhibits all HBV transcripts. In a
phase II study, it has demonstrated good efficacy, with a reduction in HBsAg both in HBeAg-
positive and -negative patients, and was well-tolerated. A phase 2 study involving JNJ-3989
in association with nucleos(t)ide analogues is ongoing [NCT03982186, NCT04129554].

ARB-1467 is a LPNs-conjugated siRNA, which showed a reduction in HBsAg in half of
the patients. The effect was more evident if it was associated and administrated biweekly.
Nevertheless, the study was completed in 2017, and the company states that their next step
will be its association with ARB-1467 and tenofovir, followed by the addition of pegylated
interferon [31].

VIR-2218, a Gal/NAc-conjugated siRNA, has been investigated in a phase II study, in
order to assess its safety, tolerability, and antiviral effect; however, no data are available yet
[NCT03672188, NCT02826018].

3.3. Core Protein Inhibitors

Hepatitis B core protein (HBc) consists of a single 183–185 amino acid chain with
N- and C-terminal domains connected by a hinge region [32]. The N-terminal domain
contains the capsid assembly domain, while the C-terminal domain regulates the reverse
transcription of HBV DNA. HBc can engage human and viral proteins and create a firm
protective capsid. HBc assembles viral pg-RNA and DNA polymerases into nucleocapsids,
where reverse transcription takes place. HBc can also interact with nuclear pore proteins,
in order to release viral DNA in cell nuclei [33]. Some studies have suggested that HBc
plays a role in modulating the expression of viral and host gene, and in regulating cccDNA
function. In particular Heat shock protein (HSP) 90 facilitates the formation of viral capsid,
HSP40 accelerates capsid degradation, and chaperones can interact with HBc, regulating
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its stability and favoring capsid assembly [34]. HBc could be a good therapeutic target due
to its versatility, and several core inhibitors (also known as capsid assembly modulators
or core protein allosteric modulators; CpAMs) have been developed. These drugs have
exhibited great inhibition of new rcDNA synthesis and cccDNA establishment [26]. There
are two classes of CpAMs: the first one is composed of heteroaryl dihydropyridines, which
determine a misassembled HBc, impairing the building kinetics; the second is composed
of phenylpropenamides, which increase the kinetics of capsid formation, leading to the
generation of empty capsids [35].

NVR 3-778 belongs to the second category, and has been shown to reduce both serum
HBV-DNA and HBV-RNA in HBeAg-positive patients at a dose greater than 1200 mg/daily,
in a phase 1 study. A great reduction in HBV-DNA and HBV-RNA can be achieved in
subjects receiving both PEG-IFN and NVR 3-778. In this group, a mean reduction in HBV
DNA of 1.97 log10 IU/mL was observed, while the mean reduction in HBV RNA was
2.09 log10 copies/mL. NVR 3-778 or PEG-IFN alone can cause a reduction in serum levels
of HBV DNA of 1.43 log10 IU/mL and 1.06 log10 IU/mL, respectively. HBV RNA decreased
by 1.42 log10 copies/mL and 0.89 log10 copies/mL in patients receiving NVR 3-778 and
PEG-IFN, respectively. The drug was well-tolerated [36].

JNJ-6379 is a class II CpAm capable of binding the core protein, which interferes
with the assembly and encapsulation of pre-genomic RNA. Moreover, it seems to reduce
cccDNA formation, interfering with the capsid dismantling and blocking the editing of
HBV virions. In a phase 1 study, JNJ-6379 reduced mean serum levels of HBV-DNA and
HBV-RNA from the baseline by 2.0–2.5 log10 IU/mL in 28 days, and 32% of patients reached
undetectable HBV-DNA levels after 28 days. No significant decrease in HBsAg serum level
was observed [37]. A phase 2 study to evaluate the efficacy, in terms of HBsAg reduction,
with various associations of JNJ-3989 and JNJ-6379 and NA and PEG-IFN-alpha2a, is now
being initiated [NCT04667104].

RO7049389, a class I CpAM molecule that causes abnormal HBc aggregates, showed
a 28 day median HBV DNA decline of 2.7–3.0 log10 IU/mL; however, viral rebound was
observed after treatment [38].

ABI-H0731 (Vebicorvir) is a class II CpAm that is capable of interfering with HBV
core protein oligomerization, thus promoting the assembly of aberrant capsids. ABI-H0731
blocks the insertion of pgRNA inside the capsid and the entrance of the empty capsid
into the nucleus, thus depleting the cccDNA pool in vitro. In a 28 day study, it has been
reported to decrease HBV-DNA and HBV-RNA by 4 log10 IU/mL [39]. In another study
[NCT03576066], ABI-H0731 was compared with or without NA, where 100% of HBeAg-
negative patients had HBV-DNA undetectable and pgRNA < 20 IU/mL after one year
of a combination protocol ABI-H0731/NA regimen [NCT03576066]. In a randomized,
placebo-controlled phase 1 trial [NCT02908191], 60 participants with CHB infections were
randomized to receive 100 mg, 200 mg, or 300 mg of ABI-H0731 or placebo for 28 days.
Mean maximum HBV DNA declines from baseline were 1.7 log10 IU/mL, 2.1 log10 IU/mL,
and 2.8 log10 IU/mL in the 100 mg, 200 mg, and 300 mg cohorts, respectively. The authors
stated that, without an active immune-mediated necroinflammatory event, hepatocyte and
cccDNA reductions were anticipated to take weeks to months and, thus, antigen reduction
was not expected to be observed in these short studies [39].

GLS4 is a class I CpAm that can induce aberrant nucleocapsid. A phase 1b study
examined the tolerance, pharmacokinetics, and efficacy at different dosages (120 mg or
240 mg) in combination with ritonavir (RTV) compared with entecavir (ETV) for 28 days.
The mean declines in level of HBV-DNA were −1.42, −2.13, and −3.5 log10 IU/mL,
respectively, in the three groups (120 mg + RTV, 240 mg + RTV, or ETV), with more
virological relapse in experimental arms on day 40. Eight subjects experienced ALT flares
requiring silibinin and glutathione treatment [40].

ABI-H2158 is a second-generation core inhibitor, which has been assessed in a phase
2 investigation combined with NA. In a phase 1 study, 27 patients were randomized into
four groups: one group received placebo and the others received increasing doses of the
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experimental drug (100, 300, or 500 mg) for 14 days. A mean change from the baseline
in HBV DNA and pgRNA was experienced in groups receiving ABI-H2158. HBV DNA
declined from the baseline by −2.3, −2.5, and −2.7 log10 IU/mL in patients who received
ABI-H2158 100 mg, 300 mg, and 500 mg, respectively. pgRNA had a mean change from the
baseline of −2.1, −2.3, and −2.1 log10 U/mL in patients who received ABI-H2158 100 mg,
300 mg, and 500 mg, respectively. No differences in the levels of HBeAg, HBsAg, or HB
core-related antigen (HBcrAg) were observed [41].

JNJ-0440 is a class II CpAm that acts in two ways: first, it interferes with capsid
assembly kinetics, preventing the encapsidation of pgRNA and blocking HBV replication;
second, it interferes with capsid disassembly, resulting in reduced de-novo formation of
cccDNA. It has been tested in 20 non-cirrhotic, NA-naïve patients with CHB in a phase 1b
study for 28 days, and a mean change in HBV DNA from the baseline of −3.3 log10 IU/mL
and −0.2 log10 IU/mL in HBV-RNA was determined, while no relevant changes were
observed in HBsAg levels [42].

3.4. Novel Polymerase Inhibitors

Novel polymerase inhibitors under investigation are Tenofovir exalidex and Besifovir
dipivoxil maleate. Tenofovir exalidex shows a specific liver trophism due to its new lipid
conjugated formulation, reducing bone- and kidney-related adverse effects. Interim data
have demonstrated that a 100 mg dose of Tenofovir exalidex resulted in a mean HBV
DNA 3.63 log10 IU/mL [43,44]. Besifovir, a guanosine analogue, showed no differences in
antiviral effect compared to Tenofovir after 48 weeks of treatment. L-carnitine deficiency
was observed in the treatment group [39]. Advanced trials are ongoing, especially in
South Korea.

4. Immunotherapy

Chronic HBV infection is dominated by viral evasion of innate immunity and exhaus-
tion of specific adaptive T-cells. It is also characterized by impaired cytokine production
and altered T-cell expansion [45]. Immunotherapeutic approaches targeting the different
alterations tailored by HBV to the host immune system are reviewed in this section. Each
approach targets different dysfunctional steps of the immune response; in particular, the
goals of the drugs reported below involve the restoration of dysfunctional HBV-specific
immune response, innate and adaptive, the induction of novel HBV immune responses,
and the induction of an effective T-cell response. Table 2 summarizes the principal clinical
trials conducted with these drugs.

4.1. Pattern Recognition Receptors (PRR) Agonists
4.1.1. Toll Like Receptors 7–8 Ligands

Toll-like receptors (TLRs) are cellular receptors that sense viral and bacterial pathogen-
associated molecular patterns (PAMPs) and represent the first line of defense against
external micro-organisms. TLR7 and TLR8 agonists determine IFN production, the induc-
tion of IFN-stimulating genes (ISGs), and the activation of other signaling pathways such
as JAK/STAT [46,47]. TLR ligands have been tested in vitro and in vivo in animal models,
where TLR7 and TLR8 ligands were the most efficacious among the whole category. TLR
stimulation activates not only resident liver cells and immune liver cells, but also recruits
circulating immune cells, determining an antiviral diffuse state that can result in hepatitis
flares and fever as side effects [48].

The TLR-7 ligand GS9620, Vesatolimod, has demonstrated a durable inhibition of
HBV replication, and, in some in vitro trials, it also had effects on cccDNA [49]. These
results have also been obtained in animal models. Combining Vesatolimod with RO7020531
(another TLR-7 agonist) and RO7049389 (an inhibitor of capsid assembly) determined a
marked reduction in HBsAg levels and HBV-DNA in a murine model [50]. In a recent
study, after 20 weeks of Vesatolimod administration in CHB patients with HBV replication
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suppressed by NA therapy, no deflection in HBsAg levels was observed [51]; even in
association with Tenofovir, it failed to reduce HBsAg levels [52].

GS-9688 (Selgantolimod) is a TLR-8 agonist, which is orally administrated, well-
tolerated, and induced a sustained antiviral response in a woodchuck model of CHB [53,54].
GS-9688 was quite effective in vitro in reducing HBV-DNA, HBV-RNA, and HBsAg, and
demonstrated some efficacy in vivo in combination with oral antivirals and 5% of the
treated patients achieved a ≥1 log10 IU/mL decrease in HBsAg levels or HBeAg loss at
24 weeks [55].

4.1.2. Retinoic Acid Inducible Gene-I Activators

Retinoic Acid Inducible Gene-I (RIG-I) is an intracytoplasmic PAMP receptor activated
by the interaction with double-stranded viral RNA. Once activated, its signal is transduced,
determining the activation of transcriptional factors such as nuclear factor kB (NFkB) and
interferon regulator factor 3 (IRF3), leading to the subsequent production of cytokines with
antiviral activity. RIG-I activation also seems to recognize the epsilon-encapsidation signal
in HBV pgRNA, with consequent production of type III IFNs. In addition, RIG-I inhibits
the interaction of epsilon stem loop of pgRNA with HBV polymerase, thus suppressing
HBV replication [56].

SB9200 (Inarigivir) is a RIG-I and nucleotide binding oligomerization domain-containing
protein 2 (NOD2) activator, which has shown interesting results in animal models. The
administration of this drug followed by Entecavir has shown a much more potent viral
inhibition [57]. The ACHIEVE study evaluated this drug in 80 naïve non-cirrhotic patients,
who were randomized in a 4:1 ratio to receive daily ascending drug doses (max 200 mg/day)
or placebo for 12 weeks, followed by 12 weeks of therapy with Tenofovir Disoproxil Fumarate
(TDF). Both HBeAg positive and negative patients reached a reduction in HBV-DNA, in a
dose-dependent manner. A quantitative HBsAg reduction greater than 0.5log10 was observed
in 22% of patients at 12 or 24 weeks [58]. The clinical trials testing this experimental drug
have been interrupted as a patient enrolled in the phase II b CATALYST trial developed liver
failure and died of multiple organ failure [59].

4.1.3. Stimulator of Interferon Genes Activator

Cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase
(cGAS) recognizes HBV DNA and activates its adaptor protein, stimulator of interferon
genes (STING), which determines IFN stimulated gene 56 (ISG56) expression, with subse-
quent production of type I IFN and HBV replication inhibition [60]. An agonist of STING,
5,6-dimethylxanthenone-4-acetic acid (DMXAA), has been experimented in mouse models
and in human cultured cells, showing a significant reduction in viral nucleic acids and
HBsAg without affecting cccDNA. STING activators have been demonstrated to cause, in a
mouse model, body weight loss and colitis as side effects, due to immune system activation
through IFN [61].

4.1.4. Apolipoprotein B mRNA Editing Enzyme, Catalytic Polypeptide-like3

Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like3 (APOBEC3)
enzymes act through cytidine deamination and edit HBV DNA strands. Heat shock protein
90 (Hsp90) augments APOBEC-3-mediated HBV deamination activity. Recent studies
have argued that APOBEC3 through cytidine deamination could activate type I IFN and
lymphotoxin activity, leading to cccDNA degradation [62].

4.1.5. Thymosin α1

Zatadin is a 28 amino acid peptide isolated from thymus, which seems to activate
both innate and adaptive immunity. This peptide is thought to activate and lead to the
differentiation of dendritic cells (DCs) and T-cells by TLR-2 and TLR-9, and promotes
the expression of IFN-γ and interleukin-2 (IL-2) [63]. In a clinical trial in CHB patients,
thymosin α1 (Tα1) showed fewer side effects compared to IFN-α. In combination with
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Entecavir (ETV), it led to similar serological, biochemical, and virological effects, even if the
combination therapy demonstrated more efficacy in inhibiting hepatocellular carcinoma
(HCC) development in CHB patients than ETV alone [64].

4.2. Checkpoint Inhibitors
4.2.1. Programmed Death-1 (PD-1)/Programmed Death-Ligand 1 (PDL-1) Inhibitors

These prevent the interaction of inhibitory receptors (PD-1) mainly expressed on the
surface of T- and B-cells with their ligands (PD-L1 and PD-L2), which can be found on a
large variety of cells including hepatocytes. The bond between PD-1 or PDL-1 and the
inhibitors blocks CD8+ T-cells inhibition, determining an improvement in cell proliferation,
cytokine secretion, and cytotoxic capability [65]. Among the inhibitory receptors, PD-1
has been demonstrated, from in vitro studies, to determine major inhibitory effects. Most
responding cells are effector memory HBV-specific CD8+ T-cells from peripheral blood,
while intrahepatic HBV-specific T-cells are usually more exhausted and, for their restoration,
an association with the blockade of other inhibitory receptors could be useful [66].

An ex vivo study has shown that the combination of PD-1 agonist and OX-40 (also
named cluster of differentiation 134, CD 134) synergically acted and resulted in the activa-
tion of HBV-specific CD4+ T-cells, with the consequent production of IFN-γ and IL-21 in
HBeAg-negative HBV-infected blood cells [67].

The combination of anti-PD-L1 monoclonal antibodies, a nucleoside analogue, and
a therapeutic DNA vaccine led to viral replication suppression and seroconversion in a
woodchuck model, obtaining a sustained immunological control of viral infection due
to potently enhanced HBV-specific T-cell function, but not with anti-PD-L1 monoclonal
antibodies alone [68].

In HBeAg-positive patients, treatment with anti-PD-L1 monoclonal antibodies (MEDI2790)
augmented HBV-specific T-cell responses while in a phase Ib study, the PD-1 agonist Nivolumab
was found to be safe and well-tolerated with or without association to therapeutic vaccination
(GS-4774), and achieved a drop in HBsAg by 0.5 log10 at 24 weeks, with sustained HBsAg loss
and seroconversion in one patient out of 14 [69,70].

Given the wide variability of in vitro and in vivo test results, it seems reasonable to
believe that only some patients could benefit from this treatment option, depending on
their T-cell exhaustion degree and on the characterization of other target receptors such
as other inhibitory receptors, expressed on cell membranes. The resistance to checkpoint
inhibitors could also be due to genetic and epigenetic modifications, which can resist PD-1
blockade. Even if checkpoint inhibitors are relatively safe at low dose, the association of
two molecules belonging to the same class or the association of a checkpoint blocker and
other drugs from other categories could theoretically enhance T-cell recovery; however, on
the other hand, safety issues could be raised, especially in the field of generalized immune
activation [71].

4.2.2. Cytotoxic T Lymphocytes-Associated Antigen-4 (CTLA-4) Blockade

CTLA4 is another class of inhibitory receptors. In in vitro studies, the blockade of
CTLA-4 receptors determined a restoration of HBV-specific CD8+ T-cells with augmented
function and proliferative capacity [72] and inhibited T-reg activity, thus enhancing CD4+
Th in a murine model [73]. A CTLA-4 blocker, Ipilimumab, has been employed in a group
of patients with melanoma, among whom some were affected by HCV or HBV chronic
infections. In this small sub-group of nine subjects, a reduction in viral load was seen in
two [74].
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5. Therapeutic Vaccination

Therapeutic vaccines differ from their preventive counterpart, in terms of their mech-
anism of action and the time of administration, when the infection has already become
chronic. Therapeutic vaccines aim to activate not only humoral immunity but also effective
CD4+ and CD8+ T-cell responses [66]. The most effective therapeutic vaccines, in general,
seem to be those based on viral vectors, which can majorly activate specific T-cell responses.

DNA vaccines have been shown to be very safe and, therefore, could be used re-
peatedly as well as in combination with viral vectors [47,53]. Published results of trials
regarding all HBV therapeutic vaccine categories as well as ongoing ones are detailed in
Table 3.

5.1. HBsAg-preS Vaccines

Prophylactic HBsAg vaccines have not achieved a therapeutic result in chronic HBV
patients due to the high circulating levels of HBsAg. Zeng et al. added IL-12 as an
adjuvant in an HBsAg vaccine in a mouse model, demonstrating a breaking of tolerance
with enhanced HBV-specific CD8+ and CD4+ responses and reduced T-reg cells. Many
animals lost HBsAg, and HBcAg was undetectable in mouse hepatocytes [75]. Sequential
administration of pre-S1 polypeptide to HBsAg vaccines in HBV-infected mice led to
an important immune response with the development of anti-pre-S1 antibodies, which
determined HBV virion clearance and HBsAb seroconversion [76].

5.2. HBcAg Vaccines

Based on the discovery that, in patients capable of controlling HBV infection, a large
number of HBcAg-specific CD8+ T-cells was found, HBcAg vaccines are now considered a
promising option for CHB treatment [77].

5.3. HBsAg-HBcAg Compound Vaccines

Therapeutic vaccines combining HBsAg and HBcAg have shown strong HBsAg/HBcAg
immune responses in animal models, leading to HBsAg serum reduction without known liver
side effects in transgenic mice [47]. A candidate vaccine composed of HBsAg, HBcAg, and a
saponin-based adjuvant induced a potent humoral and CD8+ response: anti HBsAg titers
were >10,000 IU/L in seven of eight animals after a cycle of four vaccinations. HBcAg-positive
hepatocytes were also cleared without detectable liver injury [78].

5.4. Anti-HBsAg Antibodies

Antibody-mediated immunotherapy has been tested in many clinical and pre-clinical
studies without obtaining remarkable results. Zhang et al. developed a monoclonal
antibody (mAb E6F6) directed against HBsAg in a CHB mouse model, with notable
results consisting of HBsAg and HBV DNA suppression for several weeks. An interesting
finding consisted of the observation that HBV-specific T-cells were restored after E6F6
immunotherapy in hydrodynamic injection-based HBV carrier mice [79,80].
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Table 3. Main clinical trials evaluating therapeutic vaccines employed in HBV chronic infection therapies. HBsAg: hepatitis B surface antigen; HBcAg: hepatitis B core antigen; CHB:
chronic hepatitis B; ETV: entecavir; NA, NUC: nucleos(t)ide analogue; HBV: hepatitis B virus; DNA: deoxyribonucleic acid; HBeAg: hepatitis B early antigen; HBx: hepatitis B virus x
protein; IL-2: interleukin-2; IL-12: interleukin-12; ALT: alanine aminotransferase; CD4+: cluster of differentiation 4+; CD8+: cluster of differentiation 8+; INF-γ: interferon-γ; TGF-β:
transforming growth factor-β; TNF: tumor necrosis factor; T-regs: regulatory T-cells.

Name
Vaccine Type References Study Design Results Adverse Events

DV-601 (Theravax)
Protein-based vaccine
containing HBsAg and

HBcAg plus an adjuvant

Spellman. The 21st conference of the
Asian Pacific association for the

study of the liver: oral presentations
17 February, 2011 (Thursday).
Hepatol Int. 2011; 5(1):3–558,

doi:10.1007/s12072-010-9241-z

Phase I dose-escalation study in treatment-naïve or
treatment-tolerant adult patients with CHB, in

association with ETV.

All patients showed reductions in HBV
DNA, s and e antigens, and HBV-specific

lymphoproliferative response; antibodies to
s and e antigens developed in the higher

dose groups.

Transient chills,
malaise, fatigue,
and headache

ClinicalTrials.gov
Identifier: NCT01023230

Phase I b dose-escalation study to assess the safety
and tolerability in subjects with CHB on concurrent

treatment with NA.
Not available. Not available

HepTcell ™
Mix of nine synthetic

peptides comprising HBV
specific T-cell epitopes

Lim, Young-Suk, J Hepatol
70.1 (2019): e50–e51.

Phase Ib study for evaluation of Hep T-cell
HBV-specific immunotherapy in NA-controlled,

HBeAg negative CHB

Hep T-cell immunotherapy was
well-tolerated, but had no effects on HBsAg

levels. It also showed HBV-specific
immune responses.

No adverse
events reported

ClinicalTrials.gov
Identifier: NCT04684914

Phase II randomized, double blind, and
placebo-controlled study of Hep T-cells in

treatment of naïve inactive CHB patients with low
HBsAg levels.

Not available. Not available

εPA-44
Immunodominant B-cell

epitope of PreS2
18–24 region, the CTL

epitope of HBcAg18–27
and the universal T-helper
epitope of tetanus toxoid

830–843

ClinicalTrials.gov
Identifier: NCT01326546

Phase II randomized, double-blind,
placebo-controlled, multi-center clinical trial to

evaluate the efficacy and safety of εPA-44 in
HBeAg-positive CHB patients.

No differences among the two groups, in
terms of HBeAg seroconversion, at week 48. Not available

ClinicalTrials.gov
Identifier: NCT00869778

Phase II multi-center, randomized, double-blind,
placebo-controlled clinical trial to evaluate the

efficacy and safety of εPA-44 in treating
CHB patients.

HBeAg seroconversion was achieved at
week 76 by 38.8% of patients in the higher
dose group, 28.6% of subjects in the lower
dose group, and 20.2% of patients in the

placebo group.

Not available

ClinicalTrials.gov
Identifier: NCT02862106

Second stage of the phase II study mentioned
above, open-label. Re-treatment of all subjects with
partial or no response to experimental treatment.

Re-treatment with high dose εPA-44 did not
affect HBeAg seroconversion. Not available

ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
ClinicalTrials.gov
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Table 3. Cont.

Name
Vaccine Type References Study Design Results Adverse Events

ABX 203 (NASVAC)
Combination therapeutic

vaccine containing
hepatitis B surface antigen

and hepatitis B
core antigen

Al Mahtab M, PLoS One. 2018; 22;
13(8):e0201236.

Phase III randomized open-label efficacy and
comparative study of ABX 203 in treatment-naïve
patients. Patients were randomized to receive ABX

203 or Peg-IFN

The experimental group achieved higher
rates of HBeAg seroconversion and HBV

DNA suppression as well as a lower
progression to cirrhosis.

NASVAC-treated
patients experienced
ALT elevations more

frequently
than controls

Wedemeyer, The international liver
congress (EASL) 2017, 66(1):S101.

Phase IIb/III multi-center, randomized, open-label
study on efficacy of ABX203 vaccine to maintain

HBV viral suppression and liver enzymes
normalization after NAs treatment interruption in
HBeAg-negative CHB patients treated for at least

two years with NAs

The experimental drug did not prevent
viral relapse after NAs interruption, but

Tenofovir-treated patients relapsed earlier
than Entecavir-treated subjects.

Injection site reactions

INO-1800 + INO-9112
INO-1800

DNA vaccine encoding
HBsAg and a consensus

sequence of HBcAg
INO-9112: DNA plasmid

encoding human
interleukin 12

ClinicalTrials.gov
Identifier: NCT02431312;

Phase I, randomized, open-label, active-controlled
dose escalation study on the safety, tolerability, and

immunogenicity of INO-1800, alone or in
combination with INO-9112, in NUC-treated

CHB patients

Preliminary results show that INO-1800 is
safe and well-tolerated, and determines a

virus-specific T-cell immune response.
Not available

JNJ-64300535
DNA vaccine

ClinicalTrials.gov
Identifier: NCT03463369

Phase I, double-blind, randomized,
placebo-controlled study to evaluate the safety,
tolerability, reactogenicity, and immunogenicity

of JNJ-64300535

Not available Not available

GS-4774
Recombinant yeast-based

vaccine containing HBsAg,
HBcAg, and HBx proteins

Lok AS. J Hepatol. 2016 Sep;
65(3):509–16

Phase II, randomized, open-label study on the
safety and efficacy of GS-4774 for the treatment of

virally suppressed CHB patients.

No clinical benefits in HBsAg clearance,
even if, in the higher dose group, three
subjects experienced a >0.5 log10IU/mL

reduction in HBsAg levels; five patients in
the experimental group obtained HBeAg

seroconversion, none in the control group.

Injection site reactions

Boni C, Gastroenterology.
2019 Jul;157(1):227–241.e7.

Phase II, randomized open label multi-center study
on the safety and efficacy of GS-4774 plus tenofovir

disoproxil fumarate (TDF) in CHB.

Adding GS-4774 to TDF did not affect
HBsAg blood levels, but determined the

production of IFN, TNF, and IL2 by
CD8+ T-cells.

Headache, myalgia,
fatigue, and site

injection reactions

ClinicalTrials.gov
ClinicalTrials.gov
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Table 3. Cont.

Name
Vaccine Type References Study Design Results Adverse Events

TG-1050
Adenovirus 5-based
therapeutic vaccine

expressing core,
polymerase, and surface

antigen HBV proteins

Zoulim F. Hum Vaccin Immunother.
2020; 16(2):388–399.

Phase I, double-blind, randomized,
placebo-controlled multi-cohort study in CHB

patients in treatment with NAs

TG-1050 showed a good safety profile and
induced an HBV-specific cellular immune
response. HBsAg serum concentration did

not decrease significantly.

Injection site reactions

HB-110
Second generation

adenoviral-based DNA
vaccine encoding for S, L,

core and polymerase
protein, adjuvated

with IL-12

Yoon SK. Liver Int. 2015 Mar;
35(3):805–15.

Phase I, single-center, randomized, open-label,
dose escalating study on the safety of HB-110

combined with oral adefovir in CHB

HB-110 exhibited positive effects on ALT
normalization and maintenance of

HBeAg seroconversion.
Headache and fatigue

YIC (Yeast-derived
immune complexes)
HBsAg–hepatitis B

immunoglobulin (HBIG)
complex with alum

as adjuvant

Xu DZ. PLoS One. 2008 Jul 2;
3(7):e2565.

Phase II randomized controlled clinical trial in
HBeAg positive CHB patients. Six doses of YIC or

alum as placebo

60 microgr YIC showed better results than
placebo in HBeAg seroconversion

(21.8% vs. 9%).

Pain in the injection
site, pruritus,
and swelling

Xu DZ. J Hepatol. 2013 Sep;
59(3):450–6.

Phase III randomized controlled clinical trial on
CHB patients. Twelve doses of YIC or alum

as placebo

HBeAb seroconversion rates were major for
the placebo group (21.9% vs. 14%); decrease
in serum HBV DNA and normalization of
liver function were similar in both groups.

Transient ALT flares

Zhou C. Hum Vaccin Immunother.
2017 Sep 2; 13(9):1989–1996.

Phase I randomized controlled clinical trial to
assess YIC immunological mechanisms.

YIC determined increased CD4+ and CD8+
responses, a major production of INF-γ,

and a decreased concentration of inhibitory
cytokines (IL-10, TGF-β) and T-regs.

Not reported
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5.5. DNA Vaccines

DNA vaccines encoding for HBcAg and HBsAg are administrated by intramuscular
or intradermal injection, and determine HBsAg and HBcAg expression by local antigen-
presenting cells as well as the consequent activation of specific T- and B-cells. In pre-clinical
animal studies, better results have been obtained by boosting the immune response with
the co-administration of immunostimulant cytokines, NA combination therapy, prime
boost immunization regimens, electroporation delivery of injected substances, or adding
checkpoint inhibitor therapy [47]. Chuai et al. experimented with a complex vaccination
method: they vaccinated four rhesus macaques with three HBV-DNA vaccine doses coding
for HBsAg, pre-S1, and HBcAg, followed by two boosts with recombinant viral vector
vaccines encoding HBsAg, pre-S1, and HBcAg for priming, and a final boost constituted by
a fusion protein composed of HBsAg and pre-S1. The first antibodies to appear were those
against pre-S1, followed by anti-HBsAg and -HBcAg antibodies. Humoral and cellular
responses were detected for all three components, where the anti-HBcAg T-cell specific
response was the strongest and most durable. Further boosting with the fusion protein
warranted the immune response against all three proteins after 98 weeks from the first
vaccination. This showed that the addition of pre-S1 and HBcAg in therapeutic vaccines
can improve the immune response [81].

5.6. Vaccines Based on Viral Vectors

Therapeutic vaccines based on viral adeno-vectors obtained good results in mouse
and woodchuck models, as adenoviruses have been demonstrated to provide a strong
stimulation and activation of T-cell compartments [66]. An experimental vector-based
vaccine, TG1050, consisting of a non-replicative adenovirus 5 vector encoding for a fusion
protein, comprising a modified core, polymerase, and selected domains of HBV envelope
proteins, seemed to be effective in driving a strong T-cell response, with an anti-viral
effect in HBV chronically infected mice. This molecule is now under evaluation in a
phase Ib study in chronic HBV patients already in treatment with NAs [82]. Another
vaccine, based on an inactivated parapoxvirus (iPPVO), AIC649, underwent a phase I trial,
showing an increase in IL-1β, IL-6, IL-8, and INF-γ levels. The results indicated that it was
well-tolerated [83].

6. HBV-Specific T-Cell Therapy
T-Cell Engineering

This technology has been extended to the HBV field in order to overcome specific
CD8+ T-cell exhaustion in CHB patients. Current T-cell replacement therapies use different
types of engineered T-cells, targeting specific immunodominant viral epitopes with the
purpose of replacing non-functioning endogenous CD8+ cells or to enhance their reduced
functions. This strategy may lead to the complete and continuous control of HBV infection
by the immune system and its cure in the long-term [84]. The major part of genetically
engineered T-cell transfer therapies have been applied in the oncological field, but they
have found applications in the fields of autoimmune diseases and, lately, infectious diseases.
In the specific HBV case, the discovery of this possible therapeutic approach derived from
the observation that bone marrow transplantation, from previously infected HBV donors
who had cleared the virus, to CHB patients led to viral clearance [85]. In the same way,
liver transplantation of an HBsAg-positive graft in patients with resolved HBV infection
resulted in HBV clearance [86].

Two methodologies have been developed consisting of infusing a patient with their
autologous T-cells, engineered to express a canonical human leukocyte antigen (HLA) class
I restricted T-cell receptor (TCR) or a chimeric antigen receptor (CAR) targeting a specific
HBV epitope. In the first case, the patient’s circulating T-lymphocytes are isolated and then
expanded and activated in vitro; this process is followed by the redirection of CD8+ T-cell
specificity toward HBV epitopes using viral vectors encoding a specific TCR [71,87]. In
a patient with CHB and HCC, this methodology has led to a drop in HBsAg production
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by HCC cells [87]. An important advantage of this method is its specificity: in another
study, short HBV-DNA integrated into an HCC cell genome was used as the target of
redirected T-cell-specific TCR and, in this way, pulmonary metastases were reduced as
they became the specific target of activated CD8+ T-cells [88]. A further evolution, recently
experimented in mice, consists of the transient expression of HBV specific T-cell receptors
by electroporation of specific mRNAs. The generation of HBV-specific CD8+ T-cells with
reduced lytic capacity (reduction in granzyme B and perforin production), but which are
capable of activating the cytidine deaminases APOBEC3 in HBV-infected cells, limited viral
infection, and also prevented an excessive immune response, protecting against possible
liver damage and failure [89].

The CAR approach, instead, includes an HBV antibody-specific fragment with CD28
(a co-stimulatory molecule) and the CD3 zeta intracellular domain. These engineered
T-cells can recognize HBV-infected cells independent of the patient’s HLA haplotype. From
the experimental studies, the delivery of these chimeric receptors by retroviral vectors
to HBV infected cells expressing HBsAg determined cell death and cccDNA elimination
when the chimeric antigen receptors used were those against HBsAg [90].

The implementation of these technologies seems difficult due to the large amounts
of engineered T-cells and the technical skills needed. Moreover, even if the process seems
focused and precise, too strong a T-cell-mediated immune response could determine acute
liver damage and failure; on the other hand, operating in an inhibitory environment,
the new T-lymphocytes could suffer the same fate as the endogenous ones and run into
exhaustion [91].

7. Gene Therapy
7.1. Designer Nucleases

Nucleases act by cutting HBV double-stranded DNA at a pre-defined site. Once the
double-stranded break is created, the DNA repair systems of host cells, as non-homologous
end joining (NHEJ) or homology-directed repair machinery, attempt to repair the damage.
As NHEJ is prone to error without a donor template, it may relegate cleaved ends and
randomly insert or delay nucleotides, resulting in mutations. HBV cccDNA is the perfect
candidate for nuclease gene editing due to its episomal minichromosome configuration
and narrow sequence plasticity [92].

7.2. Zinc Fingers (ZFs)

ZFs are mammalian proteins with transcription factor functions. They are composed of
three to six DNA-binding cysteine2 (Cys2)–histidine2 (His2) zinc fingers coupled with a re-
striction single-strand endonuclease derived from Flavobacterium okeanokoites (FokI). As they
are monomers cutting single-strand DNA, in order to determine a double-stranded break,
ZFs require monomer dimerization and juxtaposition on the target DNA sequence [92].
Due to issues relating to cytotoxicity and difficult construction methods, the advancement
of therapeutic application of ZFs has suffered from delays [92].

7.3. Transcriptional Activator-like Effector Nucleases (TALENs)

TALENs are dimeric engineered nucleases constituted of a DNA binding protein
derived from Xanthomonas bacteria and a FokI endonuclease domain. The TALE protein is
composed of 12/20 tandem repeats of 33–35 amino acids. The repeat sequencies are almost
identical, except for position 12 and 13 amino acids, called repeat variable residues (RVDs),
which are responsible for exact nucleotide recognition and site-specific DNA binding [93].
Chen et al. designed TALENs targeting the HBV DNA conserved regions comprised
between polymerase (RNAse H sequence) and C ORFs in liver-derived Huh7 cells. As
a result, reductions in viral production of HBeAg, HBsAg, HBcAg, and pgRNA as well
as in the cellular cccDNA concentration, was achieved. Combining IFN-αwith TALENs,
a further reduction in cccDNA concentration has been observed [94]. This approach
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revealed encouraging results, both in vitro and in animal models, determining a reduction
in cccDNA [93–95].

7.4. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)—CRISPR Associated
Protein 9 (CAS9)

CRISPR/CAS9 represents the most famous RNA-guided nuclease (RGN), which is
now thought to be the most diffuse methodology to inactivate HBV gene expression. These
RGNs are normally constituted of a CRISPR RNA (crRNA), which comprehends comple-
mentary sequences to a pre-defined targeted DNA sequence and a transactivating crRNA
(tracrRNA). The bond between the crRNA and its complementary target DNA determines
the activation of Cas9 nuclease and DNA double-stranded cleavage. The cleavage of
cccDNA, with the formation of a linear sequence, destabilizes the viral target [93]. Lin
et al. were the first to demonstrate the efficacy of CRISPR/Cas9 in splitting intrahepatic
HBV DNA and clearing viral replication in vivo [96]. From a next-generation sequencing
map, the majority of cccDNA indels induced by CRISPR/Cas9 activation manifested as
small deletions [97]. Many other experiments followed, demonstrating the efficacy of
CRIPR/Cas9 in inhibiting HBV replication and reducing cccDNA nuclear amounts [98]. A
side effect of this technology is high rates of possible non-target cleavage; however, scarce
data are available. To obtain better results in viral clearance, or to excise integrated viral
DNA, the use of multiple single guide RNAs (sgRNAs) is required, but could also worsen
off-target cleavage. These events can be detected using deep sequencing when multiple
sgRNAs are exploited. In order to tackle this issue, Cas9 endonucleases can be replaced
with engineered nickases, which are more specific as, in order to obtain a double-strand
break of targeted DNA, two Cas9 nickases need to match. Another central issue to be im-
proved consists of CRISPR/Cas9 delivery to the hepatocytes [93]. The only data available
at present regard animal models and human cell cultures. In order to develop technology
suitable for human clinical trials, further advances are needed [98].

7.5. Synthetic mRNAs as a Therapy

This field is in continuous development and the objectives that need to be reached are
multiple: large-scale production of therapeutics, accurate dose regulation, safety, preven-
tion of side effects derived from off-target cleavage, and efficient and precise cell delivery.
Using mRNA instead of DNA to express designer nucleases could, therefore, represent a
smart trick. mRNAs are rapidly reproducible, have a short half-life, they cannot recombine
with the host genome, and they are correctly delivered to the cytoplasm and not the nucleus
of cells [98]. Some studies have evaluated lipid nanoparticles as synthetic mRNA trans-
porters to liver cells [99]. In vitro transcribed mRNA has been utilized to express TALENs,
and naturally synthetic mRNAs have also been applied in a CRISP/Cas9 system with
encouraging results [98]. Little work has been carried out, so far, in terms of disrupting
HBV-DNA through the use of gene editors encoded by synthetic mRNAs; the few studies
performed so far have obtained modest results [100].

7.6. Epigenetic Gene Silencing

The epigenetic modification of DNA is a natural regulatory mechanism, which rep-
resents a host defense against the expression of viral genes. It is determined by chemical
modifications of DNA or associated proteins without changing genetic information [93].
Growing evidence has highlighted the importance of epigenetic modifications in HBV
cccDNA transcription control and the fact that it could represent a strategic target in CHB
treatment [101]. Epigenetic modifications include histone methylation and demethylation,
histone acetylation and deacetylation, cccDNA methylation, and cccDNA minichromo-
some acetylation. The major HBV DNA epigenetic modifiers are histone deacetylases,
histone acetyltransferases, lysine methyltransferases, DNA methyltransferases, and pro-
tein arginine methyltransferases, without forgetting viral factors such as HBX and core
antigen [93]. The hypoacetylation of cccDNA-bound histone3–4 determined low HBV
viremia in hepatitis B chronic infected patients, while its hyper-acetylation enhanced viral
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replication [102]. The methylation of arginine-3 on cccDNA-bound histone4 prevented its
bonding with the RNA polymerase and transcription in an arginine methyltransferase5-
and HBc-dependent way [101]. The application of this technology could help in reduc-
ing the HBV reservoir by stimulating hepatocyte turn-over and preventing cccDNA pool
renewal as it accelerates cccDNA deterioration [103]. Despite the modern technologies
and the importance of epigenetic modifications for viral gene expression, clues to support
the potential of epigenetic modifiers in HBV chronic infection are limited. In fact, few
studies have demonstrated the advantages of using an interesting technique: exchanging
the nuclease domain of a designer nuclease with an epigenetic modulator. The previously
cited ZFs, TALEs, and CRISPR/Cas9 have been modified, in order to enable the epigenetic
editing of endogenous genes [104]. Another study targeting HBx promoter reported a
reduction in viral mRNA, proteins and viral replication in a cell culture as well as in HBV
transgenic mice [105]. Another therapeutic approach involved a transcription repressor,
the Krüppel associated box; this was bound with HBV targeting TALE or a dead Cas9, used
together with gene-targeting guides, with an observed reduction in serum concentrations
of HBsAg and surface and core mRNAs in mouse cell cytoplasm. Animals tolerated this
new methodology well and did not present alanine aminotransferase (ALT) flares [106].

8. Targeting HBV Core or X Protein to Inactivate cccDNA Function

cccDNA is an episomal minichromosome, whose transcription is regulated by epi-
genetic factors. Many studies have suggested that HBV core and HBx proteins regulate
cccDNA transcription. Another option to disrupt or inactivate cccDNA consists of the
interference between these proteins and their binding with it, or the selective inhibition
of interactions between viral proteins and host factors necessary to regulate cccDNA tran-
scription [107]. HBV core protein is a fundamental protein in cccDNA homeostasis, as it
regulates its transcription. The protein binds CpG islands of cccDNA, preventing methy-
lation and silencing [108]. The cytokine-activated DNA cytosine deaminase APOBEC3A
can be recruited to the cccDNA minichromosome through interaction with core protein;
this provides evidence of the possibility that core protein can be exploited by the immune
system to its advantage—that is, to clear cccDNA [63].

Pharmacological disturbance of core–host and core–core protein interactions could be
a key in HBV treatment and, thus, should be carefully characterized. In this respect, there
exist many new and experimental drugs to inhibit and disrupt capsid assembly, which
could be useful in disturbing core–cccDNA interactions.

HBx is, among all its other functions, a trans-activating protein capable of inducing
the transcription of the cccDNA minichromosome. It is responsible for epigenetic mod-
ifications on cccDNA, by histone acetylation, demethylation, and inhibition of cccDNA
transcriptional repressors [107]. HBx protein also indirectly degrades the structural main-
tenance of chromosomes 5/6 (Smc5/6) complex, which act as cccDNA transcriptional
suppressors [109].

9. Immune Modulation for cccDNA Attenuation

The only licensed immunomodulatory drugs in chronic HBV infection are IFN-α and
its pegylated form, which have only shown partial efficacy, accompanied by high amounts
of adverse effects (mostly related to the systemic bioavailability) and scarce tolerability. IFN-
α seems to act on both the innate and adaptive immune response, showing some degrees
of efficacy in indirectly disrupting cccDNA by reducing its histone 3 lysin 9 (H3K9) and
histone 3 lysine 27 (H3K27) acetylation. Efforts have been made to develop a gene therapy
capable of inducing a durable activation of immune modulators, in order to permanently
attenuate cccDNA expression. The liver-localized expression of IFN-α-specific sequences
could improve the drug efficacy, while reducing side effects. Using different viral vectors,
diverse research groups have demonstrated the possibility of transporting IFN-α codifying
sequences into the livers of hepatitis B chronically infected mice and woodchucks, then
to locally express them [93]. In a woodchuck hepatitis virus (WHV) model, Fiedler et al.
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demonstrated that the liver localized expression of IFN-α was associated with a reduction
in intrahepatic WHV replication and a decrease in WHV DNA in serum, accompanied by
an acceptable tolerability profile [110]. Other researchers have experimented with IL-12
and IL-15 plus IFN-α combinations, obtaining excellent results. After these optimistic
findings in mice, the authors decided to test their combination strategy on samples from
CHB patients, proving a restoration of HBV-specific CD8+ specific cells. Human clinical
trials have not been performed yet [93].

10. Farnesoid-X Receptor Agonists

The bile acid-regulating farnesoid-X receptor (FXR) is part of the more complex NTCP
receptor, which mediates the entry of HBV into hepatocytes. FXR activation inhibits HBV
replication [26]. At present, there are five active studies, of which one is in phase II. This
study has suggested, on the basis of pre-clinical data, the potential inhibition of HBsAg
and HBeAg production [NCT04365933].

11. Cellular Inhibitors of Apoptosis Proteins (cIAP) Inhibitors

cIAPs counteract the pro-apoptotic effects of TNF-α. Recent studies have proven
that Birinapant, a cIAP inhibitor, leads to HBV clearance in hydrodynamically infected
mice, enhancing apoptosis through TNF-α and activating a CD4+-specific T-cell response.
Birinapant has also recently been studied in association with a multi-drug resistance
protein-1 efflux pump inhibitor, Zosuquidar, in order to augment its cell concentration.
Compared to Birinapant alone, the combination was more efficient in controlling HBV-DNA
and HBsAg kinetics as well as in terms of targeting HBV-infected cells, in a mouse model
of HBV infection [111]. Another cIAP inhibitor (APC-1387) is currently under investigation
in clinical trials (see Table 2; NCT04568265).

12. Nucleic Acid Polymers

Nucleic acid polymers (NAP) are phosphorothioate oligonucleotides that perform their
action in a sequence length- and phosphorothioate-dependent manner. A phosphorothioate
is a compound containing a sulfur in place of one of the non-bridging oxygen atoms; this
creates a negatively charged molecule. The presence of sulfur atoms, instead of oxygen,
causes weaker electronegativity and, so, these compounds have a major hydrophobic
nature. Thus, when it is exposed to a local hydrophobic environment, the free electron in
the non-bridging sulfur can transit from a charged to uncharged state. This can be exploited
by phosphorothioate oligonucleotides, in order to localize the hydrophobic property in a
part of this molecule, thus allowing it to interact with hydrophobic proteins [112].

We can resume this process by saying that NAP activity is led by the interaction of
large amphipathic protein domains, which are important for viral replication.

NAPs are antiviral agents used for different infections such as HIV as well as for HBV
and HDV. For HBV, NAPs are able to block the replenishment of HBsAg in circulation
and block the release of HBsAg from infected hepatocytes, thus helping in host-mediated
clearance [113]. However, the exact mechanism remains unclear. REP 2139 is one of the
first NAPs tested for both HBV and HDV. CHB-infected patients with HBeAg negativity,
anti-hepatitis D antigen (HDAg) positivity, and HDV RNA positivity with HBsAg con-
centrations of more than 1000 IU/mL were enrolled in an REP 301 trial. Patients received
intravenous REP 2139 once weekly for 15 weeks, then a combination of REP 2139 and
PEG INF alfa 2a for another 15 weeks, followed by PEG INF alfa 2a for the last 33 weeks
[NCT02233075]. An additional follow-up (at one year) is still ongoing [NCT02876419]. A
total of 12 patients were enrolled. HBsAg loss, high anti-HBs titers, and suppressed HBV
DNA was reached in five out of 12 patients, with normalization of aminotransferase in nine
of 12 patients. Transient elevations in ALT and AST (10 × upper limit of normality, UPN)
were observed, especially with the introduction of PEG INF alfa 2 a, as a consequence of
the antiviral response [114].
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Two trials have evaluated the safety, tolerance, and efficacy of REP 2055 (REP 101;
NCT02646163) and a modified version of REP 2055 with a novel calcium chelate complex
formulation, REP 2139-Ca (REP 102; NCT02646189) in non-cirrhotic CHB naïve to treatment
patients. In REP 101, seven of eight patients experienced a reduction in serum of HBsAg,
varying from 2.03–7.2 log10 IU/mL as well as the appearance of anti-HBs > 10 mU/mL in
all patients. All seven responding patients experimented a reduction in HBeAg or HBeAg
seroconversion. Gum bleeding, fevers, and headaches were observed with a transient
elevation of ALT and AST. In REP 102, nine of 12 participants showed reductions in serum
HBsAg, varying by 2.79–7.1 log10 from baseline values, and a decline in serum HBV DNA
ranging from 3–12 log10 was observed. Three participants in this experiment showed
HBsAg loss during monotherapy. Five patients presented anti-HBs > 10 mIU/mL during
REP 2139-Ca monotherapy [115].

13. Conclusions

The possible strategies to eradicate HBV infection are various. While the research
regarding many classes of DAA consists of advanced clinical trials, immunotherapies, and
therapeutic vaccines are still in previous development phases, although with promising re-
sults. Furthermore, new strategies—including epigenetic gene silencing, T-cell engineering,
HBx targeting, and others—are in the initial phases of investigation.

The rising consensus in the field is that combination therapy may be the key to
achieving future therapeutic goals. Considering the different steps in viral replication
and the multiple alterations in the host immune system due to HBV infection, the options
available for combination therapy are considerable.

NAs could be associated with different DAAs such as entry inhibitors, for instance,
Myrcludex B. In this case, even if the combined effects may be stronger than that of the
single molecule, the pool of already infected cells would not be affected and, so, a functional
cure would be hard to reach [116]. Another association option could be constituted by NAs
and cccDNA inhibitors. Their combination could strongly determine a drop in cccDNA and
in HBV DNA, leading to a possible complete cure. cccDNA inhibitors are a heterogeneous
class of different molecules. CRISPR/Cas9 presents different obstacles including delivery
issues and risk of off-target effects on the host genome [98]. Epigenetic modifiers, on the
other hand, also present specificity issues as they may alter chromatin regulation [93].

A third option could be represented by the association of NAs with CpAMs; early
study data have shown the high efficacy and synergistic effects of CpAM when combined
with NAs or IFN in in vitro models; however, considering the viral cycle steps on which this
molecule association acts, a long therapy should be performed, in order to obtain cccDNA
degradation effects [26], [NCT04667104]. NAs could also be associated with siRNA, which
have shown good results in clinical trials thus far (see Table 1) [29]. There are, however,
safety and delivery issues and risk of pharmacological resistances [117].

The associations of different immunotherapies have also been postulated. In order
to achieve a specific immune control through exhausted T-cell restoration, checkpoint
inhibitors, engineered T-cells, and therapeutic vaccinations have been developed. Each
approach shows important difficulties, for example, autoimmune phenomena as side
effects for the first, technical issues for the second, and disappointing results in human
studies for the third [116]. The association between checkpoint inhibitors and therapeutic
vaccines is, among the others, very interesting: on one hand, there is a strong restoration
of exhausted T-cells; on the other hand, the now effective adaptive immunity is activated
against a specific HBV epitope [63]. Despite the potential synergistic effect, issues have
been raised in the field of excessive immune response, with possible immune-mediated
hepatitis as a side effect [118].

Combining drugs targeting the virus itself (DAAs) with immunotherapy may repre-
sent the most rational approach to reach a functional cure, leading to undetectable HBsAg
levels and suppressed HBV DNA [24]. Different attempts associating NAs and therapeutic
vaccinations, TLR-7/8, anti-PD-1 monoclonal antibodies, FxR agonists, and cIAP inhibitors



Viruses 2021, 13, 1767 25 of 30

are now ongoing (see Table 2). Advanced technologies such as TALENs, CRISPR/Cas9,
and synthetic RNAs are still in a developmental phase, but represent interesting thera-
peutic options. In conclusion, the deeper knowledge and the more recent and developed
technologies have contributed, in a couple of decades, toward many new possible pharma-
cological approaches for the treatment of one of the historically most difficult infections
to treat. Many trials with different agents are now proceeding, which will hopefully lead
to encouraging results. Hopefully, in the next ten years, we will experience a complete
revolution in the treatment paradigm of HBV infection.

Author Contributions: Conceptualization, P.A. and C.C.; methodology, A.B., A.T., F.G., A.P.; inves-
tigation, A.B., A.T., F.G., A.P.; data curation, A.B., A.T., F.G.; writing—original draft preparation,
A.B., A.T., F.G.; writing—review and editing, P.A., C.C., A.B., A.T., F.G.; supervision, P.A.; funding
acquisition, no funding were acquired. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO|Global Hepatitis Report. 2017. Available online: http://www.who.int/hepatitis/publications/global-hepatitis-report201

7/en/ (accessed on 30 March 2021).
2. Chisari, F.V.; Ferrari, C. Hepatitis B virus immunopathogenesis. Annu. Rev. Immunol. 1995, 13, 29–60. [CrossRef] [PubMed]
3. Grossi, G.; Viganò, M.; Loglio, A.; Lampertico, P. Hepatitis B virus long-term impact of antiviral therapy nucleot(s)ide analogues

(NUCs). Liver Int. 2017, 37 (Suppl. S1), 45–51. [CrossRef] [PubMed]
4. Revill, P.A.; Chisari, F.V.; Block, J.M.; Dandri, M.; Gehring, A.J.; Guo, H.; Hu, J.; Kramvis, A.; Lampertico, P.; Janssen, H.L.A.; et al.

A global scientific strategy to cure hepatitis B. Lancet Gastroenterol. Hepatol. 2019, 4, 545–558. [CrossRef]
5. Ni, Y.; Lempp, F.A.; Mehrle, S.; Nkongolo, S.; Kaufman, C.; Fälth, M.; Stindt, J.; Königer, C.; Nassal, M.; Kubitz, R.; et al.

Hepatitis B and D viruses exploit sodium taurocholate co-transporting polypeptide for species-specific entry into hepatocytes.
Gastroenterology 2014, 146, 1070–1083. [CrossRef]

6. Yan, H.; Zhong, G.; Xu, G.; He, W.; Jing, Z.; Gao, Z.; Huang, Y.; Qi, Y.; Peng, B.; Wang, H.; et al. Sodium taurocholate cotransporting
polypeptide is a functional receptor for human hepatitis B and D virus. eLife 2012, 1, e00049. [CrossRef] [PubMed]

7. Iwamoto, M.; Saso, W.; Nishioka, K.; Ohashi, H.; Sugiyama, R.; Ryo, A.; Ohki, M.; Yun, J.H.; Park, S.Y.; Ohshima, T.; et al. The
machinery for endocytosis of epidermal growth factor receptor coordinates the transport of incoming hepatitis B virus to the
endosomal network. J. Biol. Chem. 2020, 295, 800–807. [CrossRef]

8. Iwamoto, M.; Saso, W.; Sugiyama, R.; Ishii, K.; Ohki, M.; Nagamori, S.; Suzuki, R.; Aizaki, H.; Ryo, A.; Yun, J.H.; et al. Epidermal
growth factor receptor is a host-entry cofactor triggering hepatitis B virus internalization. Proc. Natl. Acad. Sci. USA 2019, 116,
8487–8492. [CrossRef]

9. Rabe, B.; Glebe, D.; Kann, M. Lipid-mediated introduction of hepatitis B virus capsids into nonsusceptible cells allows highly
efficient replication and facilitates the study of early infection events. J. Virol. 2006, 80, 5465–5473. [CrossRef]

10. Rabe, B.; Vlachou, A.; Panté, N.; Helenius, A.; Kann, M. Nuclear import of hepatitis B virus capsids and release of the viral
genome. Proc. Natl. Acad. Sci. USA 2003, 100, 9849–9854. [CrossRef]

11. Long, Q.; Yan, R.; Hu, J.; Cai, D.; Mitra, B.; Kim, E.S.; Marchetti, A.; Zhang, H.; Wang, S.; Liu, Y.; et al. The role of host DNA
ligases in hepadnavirus covalently closed circular DNA formation. PLoS Pathog. 2017, 13, e1006784. [CrossRef]

12. Qi, Y.; Gao, Z.; Peng, B.; Liu, C.; Yan, H.; Yao, Q.; Sun, G.; Liu, Y.; Tang, D.; Song, Z.; et al. DNA Polymerase κ Is a Key Cellular
Factor for the Formation of Covalently Closed Circular DNA of Hepatitis B Virus. PLoS Pathog. 2016, 12, e1005893. [CrossRef]

13. Tang, L.; Sheraz, M.; McGrane, M.; Chang, J.; Guo, J.T. DNA Polymerase alpha is essential for intracellular amplification of
hepatitis B virus covalently closed circular DNA. PLoS Pathog. 2019, 15, e1007742. [CrossRef] [PubMed]

14. Sheraz, M.; Cheng, J.; Tang, L.; Chang, J.; Guo, J.T. Cellular DNA Topoisomerases Are Required for the Synthesis of Hepatitis B
Virus Covalently Closed Circular DNA. J. Virol. 2019, 93, e02230-18. [CrossRef] [PubMed]

15. Hu, J.; Protzer, U.; Siddiqui, A. Revisiting Hepatitis B Virus: Challenges of Curative Therapies. J. Virol. 2019, 93, e01032-19.
[CrossRef] [PubMed]

16. Huang, Q.; Zhou, B.; Cai, D.; Zong, Y.; Wu, Y.; Liu, S.; Mercier, A.; Guo, H.; Hou, J.; Colonno, R.; et al. Rapid Turnover of Hepatitis
B Virus Covalently Closed Circular DNA Indicated by Monitoring Emergence and Reversion of Signature-Mutation in Treated
Chronic Hepatitis B Patients. Hepatology 2021, 73, 41–52. [CrossRef] [PubMed]

17. Ko, C.; Chakraborty, A.; Chou, W.M.; Hasreiter, J.; Wettengel, J.M.; Stadler, D.; Bester, R.; Asen, T.; Zhang, K.; Wisskirchen, K.;
et al. Hepatitis B virus genome recycling and de novo secondary infection events maintain stable cccDNA levels. J. Hepatol. 2018,
69, 1231–1241. [CrossRef] [PubMed]

http://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/
http://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/
http://doi.org/10.1146/annurev.iy.13.040195.000333
http://www.ncbi.nlm.nih.gov/pubmed/7612225
http://doi.org/10.1111/liv.13291
http://www.ncbi.nlm.nih.gov/pubmed/28052621
http://doi.org/10.1016/S2468-1253(19)30119-0
http://doi.org/10.1053/j.gastro.2013.12.024
http://doi.org/10.7554/eLife.00049
http://www.ncbi.nlm.nih.gov/pubmed/23150796
http://doi.org/10.1016/S0021-9258(17)49936-4
http://doi.org/10.1073/pnas.1811064116
http://doi.org/10.1128/JVI.02303-05
http://doi.org/10.1073/pnas.1730940100
http://doi.org/10.1371/journal.ppat.1006784
http://doi.org/10.1371/journal.ppat.1005893
http://doi.org/10.1371/journal.ppat.1007742
http://www.ncbi.nlm.nih.gov/pubmed/31026293
http://doi.org/10.1128/JVI.02230-18
http://www.ncbi.nlm.nih.gov/pubmed/30867306
http://doi.org/10.1128/JVI.01032-19
http://www.ncbi.nlm.nih.gov/pubmed/31375584
http://doi.org/10.1002/hep.31240
http://www.ncbi.nlm.nih.gov/pubmed/32189364
http://doi.org/10.1016/j.jhep.2018.08.012
http://www.ncbi.nlm.nih.gov/pubmed/30142426


Viruses 2021, 13, 1767 26 of 30

18. Zhu, Y.; Yamamoto, T.; Cullen, J.; Saputelli, J.; Aldrich, C.E.; Miller, D.S.; Litwin, S.; Furman, P.A.; Jilbert, A.R.; Mason, W.S.
Kinetics of hepadnavirus loss from the liver during inhibition of viral DNA synthesis. J. Virol. 2001, 75, 311–322. [CrossRef]

19. Tsukuda, S.; Watashi, K. Hepatitis B virus biology and life cycle. Antivir. Res. 2020, 182, 104925. [CrossRef]
20. Böttcher, B.; Wynne, S.A.; Crowther, R. Determination of the fold of the core protein of hepatitis B virus by electron cryomicroscopy.

Nature 1997, 386, 88–91. [CrossRef] [PubMed]
21. Conway, J.F.; Cheng, N.; Zlotnick, A.; Wingfield, P.T.; Stahl, S.J.; Steven, A.C. Visualization of a 4-helix bundle in the hepatitis B

virus capsid by cryo-electron microscopy. Nature 1997, 386, 91–94. [CrossRef]
22. Blank, A.; Markert, C.; Hohmann, N.; Carls, A.; Mikus, G.; Lehr, T.; Alexandrov, A.; Haag, M.; Schwab, M.; Urban, S.; et al.

First-in-human application of the novel hepatitis B and hepatitis D virus entry inhibitor myrcludex B. J. Hepatol. 2016, 65, 483–489.
[CrossRef]

23. Czarsk, A.; Thorley, D. Hepcludex [Internet]. European Medicines Agency. 2020. Available online: https://www.ema.europa.eu/
en/medicines/human/EPAR/hepcludex (accessed on 7 April 2021).

24. Soriano, V.; Barreiro, P.; Cachay, E.; Kottilil, S.; Fernandez-Montero, J.V.; de Mendoza, C. Advances in hepatitis B therapeutics.
Ther. Adv. Infect. Dis. 2020, 7, 2049936120965027. [CrossRef] [PubMed]

25. van den Berg, F.; Limani, S.W.; Mnyandu, N.; Maepa, M.B.; Ely, A.; Arbuthnot, P. Advances with RNAi-Based Therapy for
Hepatitis B Virus Infection. Viruses 2020, 12, 851. [CrossRef] [PubMed]

26. Lopatin, U. Drugs in the Pipeline for HBV. Clin. Liver Dis. 2019, 23, 535–555. [CrossRef]
27. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef]
28. Rensen, P.C.N.; van Leeuwen, S.H.; Sliedregt, L.A.; van Berkel, T.J.; Biessen, E.A. Design and Synthesis of Novel N-

Acetylgalactosamine-Terminated Glycolipids for Targeting of Lipoproteins to the Hepatic Asialoglycoprotein Receptor. J. Med.
Chem. 2004, 47, 5798–5808. [CrossRef] [PubMed]

29. Yuen, M.F.; Schiefke, I.; Yoon, J.H.; Ahn, S.H.; Heo, J.; Kim, J.H.; Lik Yuen Chan, H.; Yoon, K.T.; Klinker, H.; Manns, M.; et al.
RNA Interference Therapy With ARC-520 Results in Prolonged Hepatitis B Surface Antigen Response in Patients With Chronic
Hepatitis B Infection. Hepatology 2020, 72, 19–31. [CrossRef]

30. Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X.J. Therapeutic siRNA: State of the Art. 2020. Available online:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7305320/ (accessed on 12 April 2021).

31. Arbutus Announces Topline Results for ARB-1467 Phase II Cohort 4. Available online: https://investor.arbutusbio.com/news-
releases/news-release-details/arbutus-announces-topline-results-arb-1467-phase-ii-cohort-4 (accessed on 12 April 2021).

32. Wynne, S.A.; Crowther, R.A.; Leslie, A.G. The Crystal Structure of the Human Hepatitis B Virus Capsid. Mol. Cell 1999, 3, 771–780.
[CrossRef]

33. Guo, F.; Zhao, Q.; Sheraz, M.; Cheng, J.; Qi, Y.; Su, Q.; Cuconati, A.; Wei, L.; Du, Y.; Li, W.; et al. HBV core protein allosteric
modulators differentially alter cccDNA biosynthesis from de novo infection and intracellular amplification pathways. PLoS
Pathogens. 2017, 13, e1006658. [CrossRef]

34. Diab, A.; Foca, A.; Zoulim, F.; Durantel, D.; Andrisani, O. The diverse functions of the hepatitis B core/capsid protein (HBc) in
the viral life cycle: Implications for the development of HBc-targeting antivirals. Antivir. Res. 2018, 149, 211–220. [CrossRef]

35. Yan, Z.; Wu, D.; Hu, H.; Zeng, J.; Yu, X.; Xu, Z.; Zhou, Z.; Zhou, X.; Yang, G.; Young, J.; et al. Direct Inhibition of Hepatitis B e
Antigen by Core Protein Allosteric Modulator. Hepatology 2019, 70, 11–24. [CrossRef]

36. Yuen, M.F.; Gane, E.J.; Kim, D.J.; Weilert, F.; Yuen Chan, H.L.; Lalezari, J.; Hwang, S.G.; Nguyen, T.; Flores, O.; Hartman, G.;
et al. Antiviral Activity, Safety, and Pharmacokinetics of Capsid Assembly Modulator NVR 3-778 in Patients with Chronic HBV
Infection. Gastroenterology 2019, 156, 1392–1403.e7. [CrossRef]

37. Zoulim, F.; Lenz, O.; Vandenbossche, J.J.; Talloen, W.; Verbinnen, T.; Moscalu, I.; Streinu-Cercel, A.; Bourgeois, S.; Buti, M.;
Crespo, J.; et al. JNJ-56136379, an HBV Capsid Assembly Modulator, Is Well-Tolerated and Has Antiviral Activity in a Phase 1
Study of Patients With Chronic Infection. Gastroenterology 2020, 159, 521–533.e9. [CrossRef] [PubMed]

38. RO7049389, a Core Protein Allosteric Modulator, Demonstrates Robust Decline in HBV DNA and HBV RNA in Chronic HBV
Infected Patients. Available online: https://www.natap.org/2019/EASL/EASL_125.htm (accessed on 8 April 2021).

39. Yuen, M.F.; Agarwal, K.; Gane, E.J.; Schwabe, C.; Ahn, S.H.; Kim, D.J.; Lim, Y.S.; Cheng, W.; Sievert, W.; Visvanathan, K.; et al.
Safety, pharmacokinetics, and antiviral effects of ABI-H0731, a hepatitis B virus core inhibitor: A randomised, placebo-controlled
phase 1 trial. Lancet Gastroenterol. Hepatol. 2020, 5, 152–166. [CrossRef]

40. Zhang, H.; Wang, F.; Zhu, X.; Chen, Y.; Chen, H.; Li, X.; Wu, M.; Li, C.; Liu, J.; Zhang, Y.; et al. Antiviral Activity and
Pharmacokinetics of the Hepatitis B Virus (HBV) Capsid Assembly Modulator GLS4 in Patients with Chronic HBV Infection.
Clin. Infect. Dis. 2020, 73, 175–182. [CrossRef]

41. Antiviral Activity, Pharmacokinetics, and Safety of the Second-Generation Hepatitis B Core Inhibitor ABI-H2158 in a Phase 1b
Study of Patients with HBeAg Positive Chronic Hepatitis B Infection. Available online: https://www.natap.org/2020/EASL/
EASL_114.htm (accessed on 29 April 2021).

42. JNJ-64530440 (JNJ-0440), A Novel, Class N Capsid Assembly Modulator (CAM-N): Safety, Tolerability, Pharmacokinetics and
Antiviral Activity of Multiple Ascending Doses in Patients with Chronic Hepatitis B. Available online: https://www.natap.org/
2019/AASLD/AASLD_30.htm (accessed on 8 April 2021).

43. Martinez, M.G.; Villeret, F.; Testoni, B.; Zoulim, F. Can we cure hepatitis B virus with novel direct-acting antivirals? Liver Int. 2020,
40 (Suppl. S1), 27–34. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.75.1.311-322.2001
http://doi.org/10.1016/j.antiviral.2020.104925
http://doi.org/10.1038/386088a0
http://www.ncbi.nlm.nih.gov/pubmed/9052786
http://doi.org/10.1038/386091a0
http://doi.org/10.1016/j.jhep.2016.04.013
https://www.ema.europa.eu/en/medicines/human/EPAR/hepcludex
https://www.ema.europa.eu/en/medicines/human/EPAR/hepcludex
http://doi.org/10.1177/2049936120965027
http://www.ncbi.nlm.nih.gov/pubmed/33117536
http://doi.org/10.3390/v12080851
http://www.ncbi.nlm.nih.gov/pubmed/32759756
http://doi.org/10.1016/j.cld.2019.04.006
http://doi.org/10.1038/nrm3838
http://doi.org/10.1021/jm049481d
http://www.ncbi.nlm.nih.gov/pubmed/15509179
http://doi.org/10.1002/hep.31008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7305320/
https://investor.arbutusbio.com/news-releases/news-release-details/arbutus-announces-topline-results-arb-1467-phase-ii-cohort-4
https://investor.arbutusbio.com/news-releases/news-release-details/arbutus-announces-topline-results-arb-1467-phase-ii-cohort-4
http://doi.org/10.1016/S1097-2765(01)80009-5
http://doi.org/10.1371/journal.ppat.1006658
http://doi.org/10.1016/j.antiviral.2017.11.015
http://doi.org/10.1002/hep.30514
http://doi.org/10.1053/j.gastro.2018.12.023
http://doi.org/10.1053/j.gastro.2020.04.036
http://www.ncbi.nlm.nih.gov/pubmed/32343960
https://www.natap.org/2019/EASL/EASL_125.htm
http://doi.org/10.1016/S2468-1253(19)30346-2
http://doi.org/10.1093/cid/ciaa961
https://www.natap.org/2020/EASL/EASL_114.htm
https://www.natap.org/2020/EASL/EASL_114.htm
https://www.natap.org/2019/AASLD/AASLD_30.htm
https://www.natap.org/2019/AASLD/AASLD_30.htm
http://doi.org/10.1111/liv.14364
http://www.ncbi.nlm.nih.gov/pubmed/32077597


Viruses 2021, 13, 1767 27 of 30

44. Tanwandee, T. Oral Presentation at EASL Highlights ContraVir’s Tenofovir Exalidex (TXL™) Antiviral Activity in Hepatitis B
(HBV) Patients. In Proceedings of the International Liver Congress™, EASL 2017—European Association for the Study of the
Liver, Amsterdam, The Netherlands, 20 April 2017.

45. Fanning, G.C.; Zoulim, F.; Hou, J.; Bertoletti, A. Therapeutic strategies for hepatitis B virus infection: Towards a cure. Nat. Rev.
Drug Discov. 2019, 18, 827–844, Erratum in: Nat Rev Drug Discov. 2020 Jan 8. [CrossRef] [PubMed]

46. Ma, Z.; Cao, Q.; Xiong, Y.; Zhang, E.; Lu, M. Interaction between Hepatitis B Virus and Toll-Like Receptors: Current Status and
Potential Therapeutic Use for Chronic Hepatitis B. Vaccines 2018, 6, 6. [CrossRef]

47. Meng, Z.; Chen, Y.; Lu, M. Advances in Targeting the Innate and Adaptive Immune Systems to Cure Chronic Hepatitis B Virus
Infection. Front. Immunol. 2019, 10, 3127. [CrossRef]

48. Zhang, E.; Yan, H.; Li, Q.; Dittmer, U.; Yan, H.; Lu, M. Activation of the TLR signaling pathway in CD8+ T cells counteracts liver
endothelial cell-induced T cell tolerance. Cell. Mol. Immunol. 2019, 16, 774–776. [CrossRef]

49. Niu, C.; Li, L.; Daffis, S.; Lucifora, J.; Bonnin, M.; Maadadi, S.; Salas, E.; Chu, R.; Ramos, H.; Livingston, C.M.; et al. Toll-like
receptor 7 agonist GS-9620 induces prolonged inhibition of HBV via a type I interferon-dependent mechanism. J. Hepatol. 2018,
68, 922–931. [CrossRef]

50. Lue, D.; Youjun, Y.; Xue, Z.; Lili, G.; Jie, Z.; Ying, J.; Hongying, Y.; Wei, Z.; John, A.T.; Young, L.G. Combination treatment of a
TLR7 agonist RO7020531 and a capsid assembly modulator RO7049389 achieved sustainable viral load suppression and HBsAg
loss in an AAV-HBV mouse model. J. Viral Hepat. 2018, 25, 12.

51. Boni, C.; Vecchi, A.; Rossi, M.; Laccabue, D.; Giuberti, T.; Alfieri, A.; Lampertico, P.; Grossi, G.; Facchetti, F.; Brunetto, M.R.;
et al. TLR7 Agonist Increases Responses of Hepatitis B Virus-Specific T Cells and Natural Killer Cells in Patients With Chronic
Hepatitis B Treated With Nucleos(T)Ide Analogues. Gastroenterology 2018, 154, 1764–1777.e7. [CrossRef] [PubMed]

52. Agarwal, K.; Ahn, S.H.; Elkhashab, M.; Lau, A.H.; Gaggar, A.; Bulusu, A.; Tian, X.; Cathcart, A.L.; Woo, J.; Subramanian, G.M.
Safety and efficacy of vesatolimod (GS-9620) in patients with chronic hepatitis B who are not currently on antiviral treatment.
J. Viral Hepat. 2018, 25, 1331–1340. [CrossRef]

53. Ezzikouri, S.; Kayesh, M.E.H.; Benjelloun, S.; Kohara, M.; Tsukiyama-Kohara, K. Targeting Host Innate and Adaptive Immunity
to Achieve the Functional Cure of Chronic Hepatitis B. Vaccines 2020, 8, 216. [CrossRef]

54. Wildum, S.; Steiner, G.; Luangsay, S.; Suresh, M.; Korolowicz, K.; Balarezo, M.; Yon, C.; Murreddu, M.; Hong, X.; Kallakury, B.;
et al. Antiviral efficacy of a novel hepatitis B virus expression inhibitor in combination with entecavir and wIFN-alpha in
woodchucks model of chronic hepatitis B. J. Hepatol. 2017, 66, S693. [CrossRef]

55. Efficacy and Safety of Oral TLR8 Agonist Selgantolimod in Virally Suppressed Adult Patients with Chronic Hepatitis B: A Phase
2, Randomized, Double-Blind, Placebo-Controlled, Multicenter Study. Available online: https://www.natap.org/2019/AASLD/
AASLD_79.htm (accessed on 9 April 2021).

56. Alexopoulou, A.; Vasilieva, L.; Karayiannis, P. New Approaches to the Treatment of Chronic Hepatitis B. J. Clin. Med. 2020, 9,
3187. [CrossRef]

57. Suresh, M.; Korolowicz, K.E.; Balarezo, M.; Iyer, R.P.; Padmanabhan, S.; Cleary, D.; Gimi, R.; Sheri, A.; Yon, C.; Kallakury, B.V.;
et al. Antiviral Efficacy and Host Immune Response Induction during Sequential Treatment with SB 9200 Followed by Entecavir
in Woodchucks. PLoS ONE 2017, 12, e0169631. [CrossRef]

58. Yuen, M.F.; Chen, C.Y.; Liu, C.J.; Jeng, R.W.J.; Elkhashab, M.; Coffin, C.; Kim, W.; Greenbloom, S.; Ramji, A.; Lim, Y.S.; et al.
Ascending Dose Cohort Study of Inarigivir—A Novel RIG I Agonist in Chronic HBV Patients: Final Results of the ACHIEVE
trial|Cochrane Library. Available online: https://www.cochranelibrary.com/central/doi/10.1002/central/CN-01943470/full
(accessed on 9 April 2021).

59. Spring Bank Halts Development of Inarigivir for Hepatitis B. Available online: https://www.clinicaltrialsarena.com/news/
spring-bank-stops-inarigivir-hbv/ (accessed on 16 June 2021).

60. Dansako, H.; Ueda, Y.; Okumura, N.; Satoh, S.; Sugiyama, M.; Mizokami, M.; Ikeda, M.; Kato, N. The cyclic GMP-AMP
synthetase-STING signaling pathway is required for both the innate immune response against HBV and the suppression of HBV
assembly. FEBS J. 2016, 283, 144–156. [CrossRef]

61. Martin, G.R.; Blomquist, C.M.; Henare, K.L.; Jirik, F.R. Stimulator of interferon genes (STING) activation exacerbates experimental
colitis in mice. Sci. Rep. 2019, 9, 14281. [CrossRef]

62. Lucifora, J.; Xia, Y.; Reisinger, F.; Zhang, K.; Stadler, D.; Cheng, X.; Sprinzl, M.F.; Koppensteiner, H.; Makowska, Z.; Volz, T.; et al.
Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA. Science 2014, 343, 1221–1228. [CrossRef]

63. Wang, F.; Yu, T.; Zheng, H.; Lao, X. Thymosin Alpha1-Fc Modulates the Immune System and Down-regulates the Progression of
Melanoma and Breast Cancer with a Prolonged Half-life. Sci. Rep. 2018, 8, 12351. [CrossRef]

64. Wu, X.; Shi, Y.; Zhou, J.; Sun, Y.; Piao, H.; Jiang, W.; Ma, A.; Chen, Y.; Xu, M.; Xie, W.; et al. Combination of entecavir with
thymosin alpha-1 in HBV-related compensated cirrhosis: A prospective multicenter randomized open-label study. Expert Opin.
Biol. Ther. 2018, 18 (Suppl. S1), 61–69. [CrossRef]

65. Watanabe, T.; Bertoletti, A.; Tanoto, T.A. PD-1/PD-L1 pathway and T-cell exhaustion in chronic hepatitis virus infection. J. Viral
Hepat. 2010, 17, 453–458. [CrossRef]

66. Hoogeveen, R.C.; Boonstra, A. Checkpoint Inhibitors and Therapeutic Vaccines for the Treatment of Chronic HBV Infection. Front.
Immunol. 2020, 11, 401. [CrossRef]

http://doi.org/10.1038/s41573-019-0037-0
http://www.ncbi.nlm.nih.gov/pubmed/31455905
http://doi.org/10.3390/vaccines6010006
http://doi.org/10.3389/fimmu.2019.03127
http://doi.org/10.1038/s41423-019-0255-8
http://doi.org/10.1016/j.jhep.2017.12.007
http://doi.org/10.1053/j.gastro.2018.01.030
http://www.ncbi.nlm.nih.gov/pubmed/29378197
http://doi.org/10.1111/jvh.12942
http://doi.org/10.3390/vaccines8020216
http://doi.org/10.1016/S0168-8278(17)31861-5
https://www.natap.org/2019/AASLD/AASLD_79.htm
https://www.natap.org/2019/AASLD/AASLD_79.htm
http://doi.org/10.3390/jcm9103187
http://doi.org/10.1371/journal.pone.0169631
https://www.cochranelibrary.com/central/doi/10.1002/central/CN-01943470/full
https://www.clinicaltrialsarena.com/news/spring-bank-stops-inarigivir-hbv/
https://www.clinicaltrialsarena.com/news/spring-bank-stops-inarigivir-hbv/
http://doi.org/10.1111/febs.13563
http://doi.org/10.1038/s41598-019-50656-5
http://doi.org/10.1126/science.1243462
http://doi.org/10.1038/s41598-018-30956-y
http://doi.org/10.1080/14712598.2018.1451511
http://doi.org/10.1111/j.1365-2893.2010.01313.x
http://doi.org/10.3389/fimmu.2020.00401


Viruses 2021, 13, 1767 28 of 30

67. Jacobi, F.J.; Wild, K.; Smits, M.; Zoldan, K.; Csernalabics, B.; Flecken, T.; Lang, J.; Ehrenmann, P.; Emmerich, F.; Hofmann, M.;
et al. OX40 stimulation and PD-L1 blockade synergistically augment HBV-specific CD4 T cells in patients with HBeAg-negative
infection. J. Hepatol. 2019, 70, 1103–1113. [CrossRef]

68. Liu, J.; Zhang, E.; Ma, Z.; Wu, W.; Kosinska, A.; Zhang, X.; Möller, I.; Seiz, P.; Glebe, D.; Wang, B.; et al. Enhancing virus-specific
immunity in vivo by combining therapeutic vaccination and PD-L1 blockade in chronic hepadnaviral infection. PLoS Pathog.
2014, 10, e1003856. [CrossRef]

69. Ferrando-Martinez, S.; Huang, K.; Huang, K.; Bennett, A.S.; Sterba, P.; Yu, L.; Suzich, J.A.; Janssen, H.L.A.; Robbins, S.H. HBeAg
seroconversion is associated with a more effective PD-L1 blockade during chronic hepatitis B infection. JHEP Rep. 2019, 1,
170–178. [CrossRef]

70. Gane, E.; Verdon, D.J.; Brooks, A.E.; Gaggar, A.; Nguyen, A.H.; Subramanian, G.M.; Schwabe, C.; Dunbar, P.R. Anti-PD-1 blockade
with nivolumab with and without therapeutic vaccination for virally suppressed chronic hepatitis B: A pilot study. J. Hepatol.
2019, 71, 900–907. [CrossRef]

71. Boni, C.; Barili, V.; Acerbi, G.; Rossi, M.; Vecchi, A.; Laccabue, D.; Penna, A.; Missale, G.; Ferrari, C.; Fisicaro, P. HBV Immune-
Therapy: From Molecular Mechanisms to Clinical Applications. Int. J. Mol. Sci. 2019, 20, 2754. [CrossRef]

72. Schurich, A.; Khanna, P.; Lopes, A.R.; Han, K.J.; Peppa, D.; Micco, L.; Nebbia, G.; Kennedy, P.T.; Geretti, A.M.; Dusheiko, G.; et al.
Role of the coinhibitory receptor cytotoxic T lymphocyte antigen-4 on apoptosis-Prone CD8 T cells in persistent hepatitis B virus
infection. Hepatology 2011, 53, 1494–1503. [CrossRef]

73. Wang, X.; Dong, Q.; Li, Q.; Li, Y.; Zhao, D.; Sun, J.; Fu, J.; Meng, F.; Lin, H.; Luan, J.; et al. Dysregulated Response of Follicular
Helper T Cells to Hepatitis B Surface Antigen Promotes HBV Persistence in Mice and Associates With Outcomes of Patients.
Gastroenterology 2018, 154, 2222–2236. [CrossRef]

74. Ravi, S.; Spencer, K.; Ruisi, M.; Ibrahim, N.; Luke, J.J.; Thompson, J.A.; Shirai, K.; Lawson, D.; Bartell, H.; Kudchadkar, R.; et al.
Ipilimumab administration for advanced melanoma in patients with pre-existing Hepatitis B or C infection: A multicenter,
retrospective case series. J. Immunother. Cancer 2014, 2, 33. [CrossRef]

75. Zeng, Z.; Kong, X.; Wei, H.; Sun, R.; Tian, Z. IL-12-based vaccination therapy reverses liver-induced systemic tolerance in a mouse
model of hepatitis B virus carrier. J. Immunol. 2013, 191, 4184–4193. [CrossRef]

76. Bian, Y.; Zhang, Z.; Sun, Z.; Zhao, J.; Zhu, D.; Wang, Y.; Fu, S.; Guo, J.; Liu, L.; Su, L.; et al. Vaccines targeting preS1 domain
overcome immune tolerance in hepatitis B virus carrier mice. Hepatology 2017, 66, 1067–1082. [CrossRef]

77. Maini, M.K.; Boni, C.; Lee, C.K.; Larrubia, J.R.; Reignat, S.; Ogg, G.S.; King, A.S.; Herberg, J.; Gilson, R.; Alisa, A.; et al. The role of
virus-specific CD8(+) cells in liver damage and viral control during persistent hepatitis B virus infection. J. Exp. Med. 2000, 191,
1269–1280. [CrossRef]

78. Buchmann, P.; Dembek, C.; Kuklick, L.; Jäger, C.; Tedjokusumo, R.; von Freyend, M.J.; Drebber, U.; Janowicz, Z.; Melber, K.;
Protzer, U. A novel therapeutic hepatitis B vaccine induces cellular and humoral immune responses and breaks tolerance in
hepatitis B virus (HBV) transgenic mice. Vaccine 2013, 31, 1197–1203. [CrossRef]

79. Gao, Y.; Zhang, T.Y.; Yuan, Q.; Xia, N.S. Antibody-mediated immunotherapy against chronic hepatitis B virus infection. Hum.
Vaccines Immunother. 2017, 13, 1768–1773. [CrossRef]

80. Zhang, T.-Y.; Yuan, Q.; Zhao, J.H.; Zhang, Y.L.; Yuan, L.Z.; Lan, Y.; Lo, Y.C.; Sun, C.P.; Wu, C.R.; Zhang, J.F.; et al. Prolonged
suppression of HBV in mice by a novel antibody that targets a unique epitope on hepatitis B surface antigen. Gut 2016, 65,
658–671. [CrossRef]

81. Chuai, X.; Xie, B.; Chen, H.; Tan, X.; Wang, W.; Huang, B.; Deng, Y.; Li, W.; Tan, W. The immune response of rhesus macaques to
novel vaccines comprising hepatitis B virus S, PreS1, and Core antigens. Vaccine 2018, 36, 3740–3746. [CrossRef]

82. Zoulim, F.; Fournier, C.; Habersetzer, F.; Sprinzl, M.; Pol, S.; Coffin, C.S.; Leroy, V.; Ma, M.; Wedemeyer, H.; Lohse, A.W.; et al.
Safety and immunogenicity of the therapeutic vaccine TG1050 in chronic hepatitis B patients: A phase 1b placebo-controlled trial.
Hum. Vaccines Immunother. 2020, 16, 388–399. [CrossRef] [PubMed]

83. Addy, I.; Jambrecina, A.; Berg, T.; vanBömmel, F.; Kropeit, D.; Vank, C.; Bigge, A.; Nedoschinsky, K.; Stobernack, H.P.;
Rangaraju, M.; et al. FRI-199-First in Human, single ascending dose clinical trial of AIC649 in patients with chronic hepatitis.
J. Hepat. 2019, 70, e478–e479. [CrossRef]

84. Gehring, A.J.; Xue, S.A.; Ho, Z.Z.; Teoh, D.; Ruedl, C.; Chia, A.; Koh, S.; Lim, S.G.; Maini, M.K.; Stauss, H.; et al. Engineering
virus-specific T cells that target HBV infected hepatocytes and hepatocellular carcinoma cell lines. J. Hepatol. 2011, 55, 103–110.
[CrossRef]

85. Lau, G.K.; Lok, A.S.; Liang, R.H.; Lai, C.L.; Chiu, E.K.; Lau, Y.L.; Lam, S.K. Clearance of hepatitis B surface antigen after bone
marrow transplantation: Role of adoptive immunity transfer. Hepatology 1997, 25, 1497–1501. [CrossRef]

86. Loggi, E.; Bihl, F.; Chisholm, J.V., 3rd; Biselli, M.; Bontadini, A.; Vitale, G.; Ercolani, G.; Grazi, G.L.; Pinna, A.D.; Bernardi, M.; et al.
Anti-HBs re-seroconversion after liver transplantation in a patient with past HBV infection receiving a HBsAg positive graft.
J. Hepatol. 2009, 50, 625–630. [CrossRef]

87. Qasim, W.; Brunetto, M.; Gehring, A.J.; Xue, S.A.; Schurich, A.; Khakpoor, A.; Zhan, H.; Ciccorossi, P.; Gilmour, K.; Cavallone, D.;
et al. Immunotherapy of HCC metastases with autologous T cell receptor redirected T cells, targeting HBsAg in a liver transplant
patient. J. Hepatol. 2015, 62, 486–491. [CrossRef]

http://doi.org/10.1016/j.jhep.2019.02.016
http://doi.org/10.1371/journal.ppat.1003856
http://doi.org/10.1016/j.jhepr.2019.06.001
http://doi.org/10.1016/j.jhep.2019.06.028
http://doi.org/10.3390/ijms20112754
http://doi.org/10.1002/hep.24249
http://doi.org/10.1053/j.gastro.2018.03.021
http://doi.org/10.1186/s40425-014-0033-1
http://doi.org/10.4049/jimmunol.1203449
http://doi.org/10.1002/hep.29239
http://doi.org/10.1084/jem.191.8.1269
http://doi.org/10.1016/j.vaccine.2012.12.074
http://doi.org/10.1080/21645515.2017.1319021
http://doi.org/10.1136/gutjnl-2014-308964
http://doi.org/10.1016/j.vaccine.2018.05.061
http://doi.org/10.1080/21645515.2019.1651141
http://www.ncbi.nlm.nih.gov/pubmed/31373537
http://doi.org/10.1016/S0618-8278(19)30944-2
http://doi.org/10.1016/j.jhep.2010.10.025
http://doi.org/10.1002/hep.510250631
http://doi.org/10.1016/j.jhep.2008.08.026
http://doi.org/10.1016/j.jhep.2014.10.001


Viruses 2021, 13, 1767 29 of 30

88. Tan, A.T.; Yang, N.; Lee Krishnamoorthy, T.; Oei, V.; Chua, A.; Zhao, X.; Tan, H.S.; Chia, A.; Le Bert, N.; Low, D.; et al. Use of
Expression Profiles of HBV-DNA Integrated Into Genomes of Hepatocellular Carcinoma Cells to Select T Cells for Immunotherapy.
Gastroenterology 2019, 156, 1862–1876.e9. [CrossRef] [PubMed]

89. Kah, J.; Koh, S.; Volz, T.; Ceccarello, E.; Allweiss, L.; Lütgehetmann, M.; Bertoletti, A.; Dandri, M. Lymphocytes transiently
expressing virus-specific T cell receptors reduce hepatitis B virus infection. J. Clin. Investig. 2017, 127, 3177–3188. [CrossRef]

90. Bohne, F.; Chmielewski, M.; Ebert, G.; Wiegmann, K.; Kürschner, T.; Schulze, A.; Urban, S.; Krönke, M.; Abken, H.; Protzer, U.
T cells redirected against hepatitis B virus surface proteins eliminate infected hepatocytes. Gastroenterology 2008, 134, 239–247.
[CrossRef]

91. Abate-Daga, D.; Hanada, K.; Davis, J.L.; Yang, J.C.; Rosenberg, S.A.; Morgan, R.A. Expression profiling of TCR-engineered T cells
demonstrates overexpression of multiple inhibitory receptors in persisting lymphocytes. Blood 2013, 122, 1399–1410. [CrossRef]

92. Maepa, M.B.; Jacobs, R.; van den Berg, F.; Arbuthnot, P. Recent developments with advancing gene therapy to treat chronic
infection with hepatitis B virus. Curr. Opin. HIV AIDS 2020, 15, 200–207. [CrossRef]

93. Bloom, K.; Maepa, M.B.; Ely, A.; Arbuthnot, P. Gene Therapy for Chronic HBV-Can We Eliminate cccDNA? Genes 2018, 9, 207.
[CrossRef] [PubMed]

94. Chen, J.; Zhang, W.; Lin, J.; Wang, F.; Wu, M.; Chen, C.; Zheng, Y.; Peng, X.; Li, J.; Yuan, Z. An efficient antiviral strategy for
targeting hepatitis B virus genome using transcription activator-like effector nucleases. Mol. Ther. 2014, 22, 303–311. [CrossRef]

95. Dreyer, T.; Nicholson, S.; Ely, A.; Arbuthnot, P.; Bloom, K. Improved antiviral efficacy using TALEN-mediated homology directed
recombination to introduce artificial primary miRNAs into DNA of hepatitis B virus. Biochem. Biophys. Res. Commun. 2016, 478,
1563–1568. [CrossRef] [PubMed]

96. Lin, G.; Zhang, K.; Li, J. Application of CRISPR/Cas9 Technology to HBV. Int. J. Mol. Sci. 2015, 16, 26077–26086. [CrossRef]
97. Seeger, C.; Sohn, J.A. Complete Spectrum of CRISPR/Cas9-induced Mutations on HBV cccDNA. Mol. Ther. 2016, 24, 1258–1266.

[CrossRef]
98. Ely, A.; Singh, P.; Smith, T.S.; Arbuthnot, P. In vitro transcribed mRNA for expression of designer nucleases: Advantages as a

novel therapeutic for the management of chronic HBV infection. Adv. Drug Deliv. Rev. 2021, 168, 134–146. [CrossRef]
99. De Ravin, S.S.; Reik, A.; Liu, P.Q.; Li, L.; Wu, X.; Su, L.; Raley, C.; Theobald, N.; Choi, U.; Song, A.H.; et al. Targeted gene

addition in human CD34(+) hematopoietic cells for correction of X-linked chronic granulomatous disease. Nat. Biotechnol. 2016,
34, 424–429. [CrossRef]

100. Jiang, C.; Mei, M.; Li, B.; Zhu, X.; Zu, W.; Tian, Y.; Wang, Q.; Guo, Y.; Dong, Y.; Tan, X. A non-viral CRISPR/Cas9 delivery system
for therapeutically targeting HBV DNA and pcsk9 in vivo. Cell Res. 2017, 27, 440–443. [CrossRef]

101. Zhang, W.; Chen, J.; Wu, M.; Zhang, X.; Zhang, M.; Yue, L.; Li, Y.; Liu, J.; Li, B.; Shen, F.; et al. PRMT5 restricts hepatitis B virus
replication through epigenetic repression of covalently closed circular DNA transcription and interference with pregenomic RNA
encapsidation. Hepatology 2017, 66, 398–415. [CrossRef]

102. Pollicino, T.; Belloni, L.; Raffa, G.; Pediconi, N.; Squadrito, G.; Raimondo, G.; Levrero, M. Hepatitis B virus replication is regulated
by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones. Gastroenterology 2006, 130, 823–837. [CrossRef]

103. Zhang, Y.; Li, C.; Zhang, Y.; Zhu, H.; Kang, Y.; Liu, H.; Wang, J.; Qin, Y.; Mao, R.; Xie, Y.; et al. Comparative analysis of CpG
islands among HBV genotypes. PLoS ONE 2013, 8, e56711. [CrossRef]

104. Thakore, P.I.; Black, J.B.; Hilton, I.B.; Gersbach, C.A. Editing the epigenome: Technologies for programmable transcription and
epigenetic modulation. Nat. Methods 2016, 13, 127–137. [CrossRef]

105. Xirong, L.; Rui, L.; Xiaoli, Y.; Qiuyan, H.; Bikui, T.; Sibo, Z.; Naishuo, Z. Hepatitis B virus can be inhibited by DNA methyltrans-
ferase 3a via specific zinc-finger-induced methylation of the X promoter. Biochemistry 2014, 79, 111–123. [CrossRef]

106. Bloom, K.; Kaldine, H.; Cathomen, T.; Mussolino, C.; Ely, A.; Arbuthnot, P. Inhibition of replication of hepatitis B virus using
transcriptional repressors that target the viral DNA. BMC Infect. Dis. 2019, 19, 802. [CrossRef]

107. Tang, L.; Zhao, Q.; Wu, S.; Cheng, J.; Chang, J.; Guo, J.T. The current status and future directions of hepatitis B antiviral drug
discovery. Expert Opin. Drug Discov. 2017, 12, 5–15. [CrossRef]

108. Guo, Y.H.; Li, Y.N.; Zhao, J.R.; Zhang, J.; Yan, Z. HBc binds to the CpG islands of HBV cccDNA and promotes an epigenetic
permissive state. Epigenetics 2011, 6, 720–726. [CrossRef]

109. Decorsière, A.; Mueller, H.; van Breugel, P.C.; Abdul, F.; Gerossier, L.; Beran, R.K.; Livingston, C.M.; Niu, C.; Fletcher, S.P.;
Hantz, O.; et al. Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor. Nature 2016, 531, 386–389.
[CrossRef] [PubMed]

110. Fiedler, M.; Rödicker, F.; Salucci, V.; Lu, M.; Aurisicchio, L.; Dahmen, U.; Jun, L.; Dirsch, O.; Pützer, B.M.; Palombo, F.; et al.
Helper-dependent adenoviral vector-mediated delivery of woodchuck-specific genes for alpha interferon (IFN-alpha) and
IFN-gamma: IFN-alpha but not IFN-gamma reduces woodchuck hepatitis virus replication in chronic infection in vivo. J. Virol.
2004, 78, 10111–10121. [CrossRef]

111. Morrish, E.; Mackiewicz, L.; Silke, N.; Pellegrini, M.; Silke, J.; Brumatti, G.; Ebert, G. Combinatorial Treatment of Birinapant and
Zosuquidar Enhances Effective Control of HBV Replication In Vivo. Viruses 2020, 12, 901. [CrossRef]

112. Cramer, H.; Finn, K.J.; Herzberg, E. Purity analysis and impurities determination by reversed-phase chromatography. In Handbook
of Analysis of Oligonucleotides and Related Products, 1st ed.; Bonilla, J.V., Srivatsa, S.G., Eds.; CRC Press: Boca Raton, FL, USA; Taylor
& Francis Group: London, UK; New York, NY, USA, 2011; pp. 1–46. [CrossRef]

http://doi.org/10.1053/j.gastro.2019.01.251
http://www.ncbi.nlm.nih.gov/pubmed/30711630
http://doi.org/10.1172/JCI93024
http://doi.org/10.1053/j.gastro.2007.11.002
http://doi.org/10.1182/blood-2013-04-495531
http://doi.org/10.1097/COH.0000000000000623
http://doi.org/10.3390/genes9040207
http://www.ncbi.nlm.nih.gov/pubmed/29649127
http://doi.org/10.1038/mt.2013.212
http://doi.org/10.1016/j.bbrc.2016.08.152
http://www.ncbi.nlm.nih.gov/pubmed/27590580
http://doi.org/10.3390/ijms161125950
http://doi.org/10.1038/mt.2016.94
http://doi.org/10.1016/j.addr.2020.05.010
http://doi.org/10.1038/nbt.3513
http://doi.org/10.1038/cr.2017.16
http://doi.org/10.1002/hep.29133
http://doi.org/10.1053/j.gastro.2006.01.001
http://doi.org/10.1371/journal.pone.0056711
http://doi.org/10.1038/nmeth.3733
http://doi.org/10.1134/S0006297914020047
http://doi.org/10.1186/s12879-019-4436-y
http://doi.org/10.1080/17460441.2017.1255195
http://doi.org/10.4161/epi.6.6.15815
http://doi.org/10.1038/nature17170
http://www.ncbi.nlm.nih.gov/pubmed/26983541
http://doi.org/10.1128/JVI.78.18.10111-10121.2004
http://doi.org/10.3390/v12080901
http://doi.org/10.1201/b10714-2


Viruses 2021, 13, 1767 30 of 30

113. Noordeen, F.; Scougall, C.A.; Grosse, A.; Qiao, Q.; Ajilian, B.B.; Reaiche-Miller, G.; Finnie, J.; Werner, M.; Broering, R.; Schlaak, J.F.;
et al. Therapeutic antiviral effect of the nucleic acid polymer REP 2055 against persistent duck hepatitis B virus infection. PLoS
ONE 2015, 10, e0140909. [CrossRef] [PubMed]

114. Bazinet, M.; Pântea, V.; Cebotarescu, V.; Cojuhari, L.; Jimbei, P.; Albrecht, J.; Schmid, P.; Le Gal, F.; Gordien, E.; Krawczyk, A.;
et al. Safety and efficacy of REP 2139 and pegylated interferon alfa-2a for treatment-naive patients with chronic hepatitis B virus
and hepatitis D virus co-infection (REP 301 and REP 301-LTF): A non-randomised, open-label, phase 2 trial. Lancet Gastroenterol.
Hepatol. 2017, 2, 877–889. [CrossRef]

115. Al-Mahtab, M.; Vaillant, A. Safety and Efficacy of Nucleic Acid Polymers in Monotherapy and Combined with Immunotherapy
in Treatment-Naive Bangladeshi Patients with HBeAg+ Chronic Hepatitis B Infection. PLoS ONE 2016, 11, e0156667. [CrossRef]
[PubMed]

116. Emery, J.S.; Feld, J.J. Treatment of hepatitis B virus with combination therapy now and in the future. Best Pract. Res. Clin.
Gastroenterol. 2017, 31, 347–355. [CrossRef]

117. Ferrari, C. HBV and the immune response. Liver Int. 2015, 35, 121–128. [CrossRef]
118. Hofmann, L.; Forschner, A.; Loquai, C.; Loquai, C.; Goldinger, S.M.; Zimmer, L.; Ugurel, S.; Schmidgen, M.I.; Gutzmer, R.;

Utikal, J.S.; et al. Cutaneous, gastrointestinal, hepatic, endocrine, and renal side-effects of anti-PD-1 therapy. Eur. J. Cancer 2016,
60, 190–209. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0140909
http://www.ncbi.nlm.nih.gov/pubmed/26560490
http://doi.org/10.1016/S2468-1253(17)30288-1
http://doi.org/10.1371/journal.pone.0156667
http://www.ncbi.nlm.nih.gov/pubmed/27257978
http://doi.org/10.1016/j.bpg.2017.04.007
http://doi.org/10.1111/liv.12749
http://doi.org/10.1016/j.ejca.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/27085692

	Introduction 
	Hepatitis B Virus Replication Cycle 
	Direct Antiviral Agents 
	Entry Inhibitors 
	RNA Interference 
	Core Protein Inhibitors 
	Novel Polymerase Inhibitors 

	Immunotherapy 
	Pattern Recognition Receptors (PRR) Agonists 
	Toll Like Receptors 7–8 Ligands 
	Retinoic Acid Inducible Gene-I Activators 
	Stimulator of Interferon Genes Activator 
	Apolipoprotein B mRNA Editing Enzyme, Catalytic Polypeptide-like3 
	Thymosin 1 

	Checkpoint Inhibitors 
	Programmed Death-1 (PD-1)/Programmed Death-Ligand 1 (PDL-1) Inhibitors 
	Cytotoxic T Lymphocytes-Associated Antigen-4 (CTLA-4) Blockade 


	Therapeutic Vaccination 
	HBsAg-preS Vaccines 
	HBcAg Vaccines 
	HBsAg-HBcAg Compound Vaccines 
	Anti-HBsAg Antibodies 
	DNA Vaccines 
	Vaccines Based on Viral Vectors 

	HBV-Specific T-Cell Therapy 
	Gene Therapy 
	Designer Nucleases 
	Zinc Fingers (ZFs) 
	Transcriptional Activator-like Effector Nucleases (TALENs) 
	Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)—CRISPR Associated Protein 9 (CAS9) 
	Synthetic mRNAs as a Therapy 
	Epigenetic Gene Silencing 

	Targeting HBV Core or X Protein to Inactivate cccDNA Function 
	Immune Modulation for cccDNA Attenuation 
	Farnesoid-X Receptor Agonists 
	Cellular Inhibitors of Apoptosis Proteins (cIAP) Inhibitors 
	Nucleic Acid Polymers 
	Conclusions 
	References

