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Abstract

Hepatitis B virus (HBV) infection, although preventable by vaccination, remains a
global health problem and a major cause of chronic liver disease. Although
current treatment strategies suppress viral replication very efficiently, the optimal
endpoint of hepatitis B surface antigen (HBsAg) clearance is rarely achieved.
Moreover, the thorny problems of persistent chromatin-like covalently closed
circular DNA and the presence of integrated HBV DNA in the host genome are
ignored. Therefore, the scientific community has focused on developing
innovative therapeutic approaches to achieve a functional cure of HBV, defined as
undetectable HBV DNA and HBsAg loss over a limited treatment period. A
deeper understanding of the HBV life cycle has led to the introduction of novel
direct-acting antivirals that exert their function through multiple mechanisms,
including inhibition of viral entry, transcriptional silencing, epigenetic manipu-
lation, interference with capsid assembly, and disruption of HBsAg release. In
parallel, another category of new drugs aims to restore dysregulated immune
function in chronic hepatitis B accompanied by lethargic cellular and humoral
responses. Stimulation of innate immunity by pattern-recognition receptor
agonists leads to upregulation of antiviral cytokine expression and appears to
contribute to HBV containment. Immune checkpoint inhibitors and adoptive
transfer of genetically engineered T cells are breakthrough technologies currently
being explored that may elicit potent HBV-specific T-cell responses. In addition,
several clinical trials are attempting to clarify the role of therapeutic vaccination in
this setting. Ultimately, it is increasingly recognized that elimination of HBV
requires a treatment regimen based on a combination of multiple drugs. This
review describes the rationale for progressive therapeutic interventions and
discusses the latest findings in the field of HBV therapeutics.

Key Words: Chronic hepatitis B; Functional cure; Direct-acting antivirals; Gene silencing;
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Core Tip: Despite preventive vaccination and effective antiviral drugs, approximately
300 million people worldwide are at risk of liver-related morbidity and mortality from
hepatitis B virus (HBV) infection. In the search for more effective strategies, research
has focused on two broad categories of therapeutic intervention. First, direct-acting
antivirals that interrupt various stages of the HBV life cycle are yielding promising
results in clinical trials that show suppression of the HBV antigen load. Second, the
need to address depleted immune responses and revive the tolerogenic liver microen-
vironment has brought immunotherapies to the forefront. It is likely that an upcoming
treatment that combines agents from both classes will achieve HBV elimination.

Citation: Tsounis EP, Tourkochristou E, Mouzaki A, Triantos C. Toward a new era of hepatitis
B virus therapeutics: The pursuit of a functional cure. World J Gastroenterol 2021; 27(21):
2727-2757

URL: https://www.wjgnet.com/1007-9327/full/v27/i21/2727 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i21.2727

INTRODUCTION

Despite the proliferation of effective vaccine programs and the introduction of well
tolerated antiviral drugs, hepatitis B virus (HBV) infection remains a public health
problem of international concern. The global hepatitis B surface antigen (HBsAg)
seroprevalence is estimated to be 3.9%, corresponding to approximately 300 million
infections[1]. HBV is a noncytopathic hepatotropic virus that causes acute or chronic
infection leading to hepatic complications such as cirrhosis or hepatocellular
carcinoma (HCC) and is responsible for more than 884000 deaths annually[2]. Halting
the progression of end-stage liver disease and preventing the resulting liver-related
mortality is the fundamental goal of HBV treatment. Current therapeutic agents,
namely nucleoside or nucleotide drugs (NUCs) and interferon-a (IFN-a), have as their
main goal the sustained suppression of viral replication and consequently the
regression of hepatic necroinflammatory activity. Achieving undetectable hepatitis B e
antigen (HBeAg) levels, with or without hepatitis B e antibody seroconversion, is an
important goal that indicates partial immune control of chronic infection. Sustained
loss of HBsAg is an optimal endpoint demonstrating profound suppression of viral
transcription[3]. NUCs inhibit reverse transcription and are highly effective in
suppressing serum HBV DNA levels, even below the limit of detection, providing a
high barrier to viral resistance. However, HBsAg clearance is rarely observed even
after long-term treatment (10%), and treatment discontinuation is associated with
significant rates of virological or clinical relapse[4]. On the other hand, alternative IFN-
based monotherapy, although providing a more durable response after treatment, is
fraught with significant side effects, making it suitable only for some patient
subgroups[5]. Obviously, a functional cure, defined as undetectable HBV DNA levels
and loss of HBsAg over a finite treatment period, is the exception rather than the rule
of the current standard of care[6].

The inefficiency of NUCs and IFN-a in eradicating HBV infection is primarily a
result of their inability to eliminate episomal covalently closed circular DNA (cccDNA)
and the integrated viral genome[7]. Notably, intrahepatic HBV DNA synthesis has
been reported to persist despite the administration of NUCs, thus maintaining the
cccDNA pool either by intracellular replenishment or by new rounds of infection
caused by residual viremia[8,9]. Apparently, the propensity of HBV to chronify is
closely related to the stability and persistence of cccDNA, which serves as a transcrip-
tional template for viral replication and viral antigen production[10]. Moreover,
integrated HBV DNA has been confirmed as the dominant source of HBsAg in HBe-
negative individuals, revealing an additional viral strategy to maintain infectivity[11].
In parallel, HBV exploits the tolerogenic microenvironment of the liver to secrete large
amounts of antigens that cause CD4+ and CD8+ T-cell and B-cell anergy or
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exhaustion. The HBV-induced immunosuppressive cascade and associated dysregu-
lation of innate and adaptive immune responses contribute not only to the
establishment of chronic infection but also to fibrosis progression and HCC
development[12].

The track record in the field of anti-HCV therapy has reinvigorated research
directed toward development of novel anti-HBV drugs aimed at improving cure rates
by direct action on cccDNA. In this review, we briefly examine the HBV life cycle
(Figure 1) to elucidate the mechanisms of action of emerging direct-acting antivirals
(DAAs), which are then further analyzed. We also discuss the other major categories of
agents in development that constitute immunotherapies to restore HBV-specific host
responses (Figure 2).

METHODOLOGY

We conducted a comprehensive review of all drug classes in development for chronic
hepatitis B (CHB) treatment. The Medline database was searched for English articles
published up to December 2020. The search words and strategy were “chronic
hepatitis B” AND (“therapy” OR “treatment”) AND (“investigational” OR “experi-
mental” OR “pilot”). The database search yielded 942 articles. The Drug Watch List on
the Hepatitis B Foundation website (https://www.hepb.org) was accessed to identify
developing therapies in that setting. Abstracts presented at major hepatology
conferences through December 2020 were reviewed and summarized. In addition, the
reference lists of all the above materials were reviewed for relevant articles. The Clinic-
altrial.gov database was accessed to identify clinical trials investigating novel anti-
HBV therapeutics. Electronic and manual searches were performed independently by
two of the authors (Tsounis EP and Tourkochristou E). Beyond an all-inclusive search,
emphasis was placed on drug candidates investigated in late-stage clinical trials or on
agents showing potential for functional cure.

HBV LIFECYCLE

HBYV is a relatively small (3.2 kb) DNA virus characterized by a compact organization
of its genome, which contains four partially or completely overlapping open reading
frames (ORFs). The HBV genome encodes seven proteins; L-, M-, S-HBsAg, core,
polymerase and the non-structural precore/HBeAg and HBV X protein (HBx). The
infectious virion or Dane particle consists of an outer shell of HBsAg floating in a lipid
bilayer around the viral nucleocapsid that encases the partially double-stranded,
relaxed, circular HBV DNA (rcDNA) with a copy of its polymerase. Initially, the
interaction of HBV particles with the carbohydrate side chains of hepatocyte heparan
sulfate proteoglycans (HSPGs) appears to initiate the attachment process[13]. The role
of glypican-5, which is an additional factor facilitating viral attachment to the host cell,
has also been described[14]. Virus entry into the host cell is mediated by human
sodium taurocholate co-transport peptide (NTCP), a bile acid transporter specifically
expressed in human liver cells, thus conferring HBV its hepatotropic property[15]. The
N-terminal end of the PreS1 domain of L-HBsAg is essential for docking to the NTCP
receptor[16]. The aforementioned domain also interacts with the clathrin heavy chain
and the corresponding adaptor protein 2, suggesting clathrin-mediated endocytosis of
the NTCP-HBV complex[17]. After fusion has occurred, the nucleocapsid, detached
from its outer shell, floats in the cytoplasm and is transferred to the perinuclear region
by mechanisms that remain to be elucidated. Upon approaching the nuclear pore
complex, the interaction of the nucleocapsid with nucleoporin 153, an integral
component of transport via importin 3, enables translocation of the viral genome
across the nuclear membrane[18]. After the capsid disintegrates at the nuclear pore,
the rcDNA and attached polymerase are released into the nucleoplasm[19]. The host
repair apparatus is then recruited to convert rcDNA into cccDNA, which resembles a
nucleosomally bound mini-chromosome[20]. In this structure, the viral genome is
characterized by a long half-life and serves as a transcriptional template. Several
epigenetic factors that modify histone acetylation and methylation, together with HBx
and core proteins (Cp), appear to orchestrate transcriptional regulation[21]. The host
RNA polymerase II and supporting hepatocyte-specific transcription factors
[hepatocyte nuclear factor (HNF) 1a, HNF4a] use cccDNA to synthesize the 5'-capped
and 3'-polyadenylated viral transcripts, which are subsequently exported to the
cytoplasm for translation[22]. The largest ORF generates greater-than-genome-length
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Figure 1 Schematic representation of the hepatitis B virus life cycle and the targets of direct-acting antivirals. Viral entry can be prevented,
either by disrupting viral interaction with heparan sulfate proteoglycans or by inhibiting high-affinity binding to the sodium taurocholate cotransporting polypeptide
receptor. Strategies targeting covalently closed circular DNA (cccDNA) include: Prevention of cccDNA formation, cccDNA degradation or destabilization, gene editing
tools to cause sequence-specific damage, and epigenetic manipulations to functionally silence cccDNA. Inhibition of the interplay between hepatitis B virus (HBV) X
protein and host proteins leads to transcriptional silencing. Therapeutics based on RNA interference target viral transcripts and block HBV protein expression.
Nucleoside or nucleotide drugs are approved inhibitors of reverse transcriptase. Core protein allosteric modulators interfere with the kinetics of nucleocapsid
assembly/disassembly and can affect the various functions of the core protein. Hepatitis B surface antigen (HBsAg) release inhibitors limit the circulating HBsAg load.
cccDNA: Covalently closed circular DNA; CpAMs: Core protein allosteric modulators; ER: Endoplasmic reticulum; ESCRT: Endosomal sorting complexes required for
transport; HBeAg: Hepatitis B e antigen; HBsAg: Hepatitis B surface antigen; HBV: Hepatitis B virus; HBx: Hepatitis B virus X protein; HSPG: Heparan sulfate
proteoglycans; NTCP: Sodium taurocholate cotransporting polypeptide; NUCs: Nucleot(s)ide analogues; rcDNA: Relaxed circular DNA.
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pregenomic RNA (pgRNA), which not only encodes polymerase and Cp but is also
reverse transcribed to generate HBV DNA copies. The encapsidation signal ¢, located
at the 5'-end of pgRNA, recruits RNA polymerase and triggers encapsidation of the
duplex, a process realized by the 5'-cap arrangement, the arginine-rich C-terminal
domain of Cp, and host eIF4E and heat shock proteins[22-24]. After rcDNA synthesis
by reverse transcription, the mature nucleocapsid can follow two different pathways.
In early stages of infection, nucleocapsids return to the nuclear basket to amplify the
cccDNA pool[25]. However, when a sufficient amount of HBsAg has been synthesized,
the nucleocapsids bud through the endoplasmic reticulum (ER) membrane, where
envelope glycoproteins settle to acquire their outer envelope[22,26]. Unlike nonin-
fectious subviral particles (SVPs), which accumulate in the lumen of the ER-Golgi
intermediate compartment before release from the cell, secretion of mature virions is
dependent on the endosomal sorting complex and associated multivesicular bodies
required for transport[27].

Entry inhibitors

Recent data suggest that in the absence of reinfection, proliferating hepatocytes
significantly decrease the intranuclear cccDNA reservoir even without the use of
cytolytic mechanisms[28]. In this setting, efficient prevention of HBV entry into the
host cell could significantly curb HBV infection. Currently, the only approved agent
that inhibits HBV entry is hepatitis Bimmunoglobulin (HBIG), a mixture of polyclonal
antibodies derived from pooled human plasma from immunized donors. Antibody
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strategy to elicit potent hepatitis B virus - specific T-cell responses. The role of therapeutic vaccination in overcoming exhausted cellular and humoral responses is
currently under investigation. An efficient vaccine repairs function and induces antigen- presenting cells to activate the two arms of adaptive immunity: polyclonal and
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and activator of transcription 6; STING: Stimulator of interferon genes; TIM3: T-cell immunoglobulin and mucin domain-3; TLRs: Toll-like receptors.

binding to infectivity regions within the envelope proteins, i.e. the antigenic loop of the
S domain and the receptor binding site of the preS1 domain, causes antibody-mediated
neutralization of virions and prevents infection of hepatocytes[29]. Nevertheless, HBIG
is produced only in limited quantities by an expensive and time-consuming
purification process, limiting its clinical use only for prophylaxis. In an attempt to
overcome these barriers, research has focused on the development of several
monoclonal antibodies (HzKR359-1, HzKR127-3.2) targeting specific epitopes of
surface proteins, and preclinical studies show promising results[30]. GC1102 is a
recombinant anti-HBs monoclonal antibody that is being studied in combination with
NUC in a Phase II trial (NCT03801798)[31]. The early interaction of a virion with low
affinity for HSPGs represents a potential point for therapeutic intervention. Indeed,
heparin and suramin bind to HBV envelope proteins and disrupt viral binding to
HSPGs, whereas synthetic antilipopolysaccharide peptides bind directly to HSPGs and
block them[29,32,33]. Interestingly, an alternative pathway has recently been described
for IFN-a to attenuate viral infectivity by secretion of soluble factors that alter HSPG
function[34]. Proanthocyanidin and its oligomeric flavonoid analogs may have a
therapeutic role by targeting the preS1 region of the large surface protein and
inhibiting HBV uptake from the NTCP receptor without exerting serious cytotoxic
effects[35]. Agents that block the NTCP receptor represent realistic and achievable
treatment options and can be divided into two groups, NTCP substrates and agents
that bind to NTCP without being transported[29]. Indeed, conjugated bile acids,
including taurochol, ursodeoxychol, and tauroursodeoxychol, have shown antiviral
activity in cell culture systems by limiting HBV /hepatitis delta virus (HDV)
infection[36]. However, efficient inhibition requires bile acid concentrations well
beyond the physiological range, so long-term administration could be associated with
side effects. Moreover, in vitro experiments have shown that NTCP-mediated HBV
entry into hepatocytes could be limited by already approved therapeutic agents,
namely the antihypertensive drug irbesartan and the hypolipidemic agent
ezetimibe[37,38]. On the other hand, cyclosporine A analogs and peptides derived
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from the HBV preS1 region constitute a second group of nonsubstrate ligands that
inhibit NTCP. Although cyclosporine A, a commonly used immunosuppressant, has
significant anti-HBV activity, it was associated with severe dysregulation of bile acid
uptake in hepatocytes[39]. Nevertheless, the antiviral effect of cyclosporine A
derivatives (SCY450, SCY995) has been demonstrated, which may be functionally
separate from bile acid transport[40]. Bulevirtide, formerly known as Myrcludex B, is a
synthetic myristoylated peptide derived from the preS1 domain of L-HBsAg that
irreversibly blocks NTCP at nonsaturating concentrations[29]. Bulevirtide induced
HBV DNA decline and contributed to alanine aminotransferase (ALT) normalization
in an open-label, randomized, Phase Ib/Ila study including 48 HBeAg-negative
patients with CHB (NCT02881008). However, HBsAg responses were weak, so
research has primarily focused on investigating its value regarding HBV/HDV
coinfection; a Phase III clinical trial of bulevirtide in this setting is ongoing
(NCT03852719). A recent study found that administration of high-dose bulevirtide in
patients with HBV/HDV coinfection was safe and well tolerated. Thirty patients were
randomized 1:1 to receive 10 mg of bulevirtide plus pegylated interferon-alpha (Peg-
IFN-a) or tenofovir for 48 wk. At week 48, remarkable HDV RNA suppression was
observed in both treatment arms (median reduction of 4 log,,IU/mL); 86.7% of
patients in the Peg-IFN group had undetectable HDV RNA levels and 40% of
participants receiving tenofovir achieved ALT normalization[41].

Targeting cccDNA

The plasmid-like intranuclear cccDNA plays a central role in the HBV life cycle,
serving as a template for the production of viral antigens and thus for the progeny of
virions. Therefore, treatment strategies that impede cccDNA formation, promote its
degradation, or support transcriptional silencing may be of great importance[42]. IFN-
a and lymphotoxin- receptor agonists upregulate the nuclear deaminases apolipo-
protein B mRNA-editing enzyme and catalytic polypeptide-like (APOBEC) 3A /3B,
thus causing noncytolytic degradation of cccDNA, but without complete depletion of
the reservoir[43]. A similar mechanism of action has been reported for various
interferons and antiviral cytokines (IFN-y, IFN-f, IFN-A1/A2, TNF-a)[44,45].
Moreover, cccDNA degradation can be enhanced by destabilizing molecules. In that
regard, oral administration of agent ccc_R08, derived from small molecule library
research, achieved sustained declines of HBsAg and cccDNA by cccDNA destabil-
ization in a mouse model of HBV infection[46]. Genetic editing technology provides
new tools to inactivate or eliminate cccDNA. Meganucleases, zinc finger nucleases,
transcription activator-like effector nucleases, and CRISPR-associated (Cas) nucleases
are cleaving enzymes that target specific DNA sequences. Subsequent misrepair of
break sites leads to an increased mutation rate and undermines cccDNA stability. In
experimental models, cleavage proteins have shown significant antiviral
activity[47-49]. In vitro experiments of the CRISPR/Cas9 system show significant
functional inactivation of cccDNA by mutagenesis, inducing suppression of viral
replication, and potent synergy with NUCs[50,51]. Recent evidence suggests that
additive modulation of host DNA repair pathways enhances the antiviral activity of
CRISPR/Cas9 and causes profound reduction of intracellular pgRNA[52]. However,
fragments of viral DNA appear to be repaired in transcriptionally active "small
cccDNA" formations[51]. In addition, identifying conserved cccDNA regions, ensuring
effective transfer into hepatocytes, and minimizing the risk of host genetic damage
from HBV DNA integration are important hurdles that must be overcome before this
technology can be applied to humans. The chromatin-based structure of cccDNA is
amenable to epigenetic manipulations that allow intervention at the transcriptional
level. Indeed, IFN-a triggers histone hypoacetylation of cccDNA, inhibits binding of
the transcription factor signal transducer and activator of transcription (STAT) 1 and
STAT?2 to active cccDNA, and collects corepressors, suggesting that IFN-associated
antiviral activity is exerted to some extent by epigenetic mechanisms[53]. Similarly,
suppression of cccDNA transcription has been observed in cell culture models
following administration of the small molecule C646, which is a selective inhibitor of
the histone acetyltransferases CREB binding protein and p300[54]. GS-5801 is a
prodrug of a lysine demethylase-5 inhibitor and has shown antiviral activity in HBV-
infected primary human hepatocytes by remodeling the chromatin methylation
pattern[55]. In addition, the selective synthetic farnesoid X receptor agonist EYP001,
originally developed as a therapeutic for nonalcoholic steatohepatitis, inhibits cccDNA
transcription in vitro and had a satisfactory safety profile when given to CHB
patients[56]. A Phase II trial of EYP0O1 in combination with NUCs against
CHB(NCT04465916) is currently recruiting participants.
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Targeting HBx

The HBx protein is essential for HBV replication by causing epigenetic regulation of
the extrachromosomal viral genome, making it an attractive target for attenuating
transcription. HBx promotes ubiquitin-mediated degradation of structural
maintenance of chromosomes 5/6 (Smc5/6), a restriction factor of cccDNA
transcription[57]. Nitazoxide, a thiazolid-derived antiprotozoal agent, blocks the
interaction of HBx and host protein DNA damage-binding protein 1, which is essential
for ubiquitination of Smc5/6, and reduces viral antigen production in the HBV
minicircle system[58]. Administration of nitazoxide in humans has produced favorable
results, with serum HBV DNA undetectable in 8 of 9 patients after 4 to 20 wk of
treatment[59]. A 12-mo, placebo-controlled, Phase II trial of nitazoxanide in virolo-
gically suppressed HBeAg-negative patients is ongoing to evaluate the efficacy of
nitazoxide and the pharmacokinetic relationships with standard NUC treatment
(NCT03905655). In the same context, pevonedistat inhibits activation of neural
precursor cell expressed, developmentally downregulated 8 (NEDD-8), a ubiquitin-
like protein critical for the ubiquitin-proteosome pathway, and minimizes cccDNA
transcription by restoring Smc5/6 levels[60]. In addition, HBx promotes overex-
pression of the histone deacetylase sirtuin-2, which in turn promotes HBV replication
and has been linked to hepatocarcinogenesis. AGK2 is a selective inhibitor of sirtuin-2,
and was found to reduce HBV antigen production in both in vivo and in vitro
studies[61]. Finally, significant antiviral activity was observed in a transgenic mouse
model using CRV431, a cyclophilin inhibitor that blocks the formation of the HBx-
cyclophilin A complex in a dose-dependent manner[62]. Genetic engineering has made
it possible to knock down HBx gene expression using CRISPR/Cas9 technology.
Specifically, a custom CRISPR/Cas9 system targeting a specific sequence of the HBx
gene has been developed and tested in HCC cells containing an integrated HBV
genome. Apart from decreasing HBx and HBsAg production, HBx/CRISPR reduced
the epithelial-mesenchymal transition capacity and stem-cell properties of HCC cells,
revealing a perspective for controlling HBV-associated tumor progression[63].

RNA interference

HBV hijacks host translational machinery to produce proteins that ensure survival and
replication. It is becoming clear that agents that accelerate the degradation of viral
transcripts or silence their expression could be a useful means of controlling the viral
antigen load. Reduced viral replication and the emerging stimulation of the host
immune response could therefore pave the way for a functional cure. RNA
therapeutics have gained popularity on the battlefield against HBV, with two basic
approaches being used in clinical trials, double-stranded small interfering RNAs
(siRNAs) and antisense oligonucleotides (ASOs)[64]. siRNA interacts with the RNA-
induced silencing complex (RISC) and the endonuclease argonaut 2 (AGO2). When
siRNA docks with RISC, its two strands are separated and the coding strand is
destroyed. The antisense strand binds to the corresponding sequence of the target
RNA, which is cleaved by AGO2, and the residues are degraded by exonucleases[64].
All HBV transcripts, including subgenomic and pgRNA, have an identical 3' terminus
that is a suitable target for simultaneous silencing of all viral transcripts. Several
siRNAs have been developed and tested in animal models, and some of them have
found their way from the laboratory bench to clinical trials. The first anti-HBV RNAi-
based therapeutic to be administered in humans was ARC-520, which contains two
different siRNAs conjugated to cholesterol that promotes uptake into hepatocytes and
a polymer-based excipient (ARC -EX1) that enhances endosomal release into the
cytoplasm. A significant reduction in HBsAg was observed (mean reduction of 0.38
log,,IU/mL in HBeAg-negative and 0.54 log,,IU/mL and in HBeAg-positive patients)
that persisted for at least 80 d after the last dose[65]. Nevertheless, in HBeAg-negative
and NUC-experienced individuals, a substantial portion of HBsAg is thought to be
derived from integrated HBV DNA[10]. Deletion of HBV DNA regions upon
integration resulted in truncated mRNAs lacking the sequence recognized by siRNAs,
which reduced the efficiency of RNAI in the aforementioned patients[65].

JNJ-3989 (formerly ARO-HBV), which consists of two siRNAs that target
hepatocytes and the entire HBV transcriptome was developed in an attempt to
circumvent that problem and target both cccDNA and integrated transcripts[66].
Regardless of HBe serostatus, three monthly doses of JNJ-3989 on days 1, 27, and 57,
combined with daily NUC treatment, resulted in profound HBsAg reduction along
with significant reductions of HBV DNA, HBV RNA, and hepatitis B core antigen
(HBcAg). Remarkably, 22/39 (56%) of patients achieved a sustained HBsAg response
(defined as > 1.0 log,,IU/mL reduction) even 9 mo after the last JNJ-3989 injection[66].
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VIR-2218 (formerly ALN-HBV) is another a liver-targeted pangenotypic siRNA. In a
Phase II clinical trial, 24 CHB patients undergoing NUC treatment were administered
two monthly doses of VIR-2218 on days 1 and 29. Preliminary results found a pivotal
HBsAg decline that persisted in a subset of patients for 28 wk after treatment (a mean
decline of 1.0 log,,IU/mL) and suggest that different patterns of response may
underestimate the ultimate therapeutic effect of VIR-2218[67]. The lipid nanoparticle
platform-based delivery technology ARB-1467 consists of three siRNAs directed
against all HBV transcripts. Single and multiple doses of ARB-1467 induced significant
HBsAg decline in a Phase II study, independent of HBeAg status[68]. An alternative
delivery technology utilizes the RNAi therapeutic AB-729 conjugated to a trimer of N-
acetylgalactosamine (GalNAc) ligand that promotes uptake into hepatocytes via the
asialoglycoprotein receptor (ASGR). Preliminary results of a phase I study show that a
single dose of AB-729 resulted in a profound HBsAg decline in CHB patients on stable
NUC therapy that persisted for 12 wk after treatment[69]. RG6346 also uses GalNAc-
RNAI technology and has demonstrated a reduction in markers of viral activity and
stimulation of the immune-mediated host response in a Phase Ib/Ila study, as
evidenced by self-resolving ALT relapses. No serious adverse events were noted and
11 of 12 (92%) NUC-suppressed CHB patients receiving four monthly doses of RG6346
achieved an HBsAg drop > 1.0 log,, IU/mL[70].

ASOs are small single-stranded DNA or RNA oligomers that silence the target
mRNA by various mechanisms including inhibition of 5' cap formation, steric
disruption of translation, or activation of RNase H[64]. GSK3389404 (Ionis-HBV-LRx)
is an ASO-GalNAc conjugate that targets all four ORFs of HBV and exerts its function
via its active metabolite GSK3228836 (Ionis-HBVRx), which binds to the comple-
mentary target mRNA. The ASO/RNA duplex is degraded in the nucleus via an
RNAase H1l-dependent pathway[71]. The results of a recent double-blind, placebo-
controlled Phase II trial in which CHB patients were treated with multiple doses of
GSK3228836 over a 4-wk period showed a significant reduction in HBsAg in patients
treated with NUC (mean decrease of 2.5 log,,IU/mL) and in NUC-naive patients
(mean decrease of 1.6 log,,IU/mL)[72]. The simultaneous suppression of HBcAg and
HBV RNA suggests a remarkable downregulation of cccDNA transcriptional
activity[73]. ALG-020572 and ALG-020576 are GalNAc-conjugated ASOs that have
superior antiviral efficacy compared with GSK3228836 in mouse models. Promisingly,
the combination of the two agents in a 1:1 ratio shows potent antiviral activity with
pangenotypic coverage even in viral genome integration, suggesting a synergism with
a variety of anti-HBV therapeutics[74]. Similarly, RO7062931 is a single-stranded
oligonucleotide based on locked nucleic acid (LNA) technology. It was tested in a
phase I clinical trial in which 59 CHB patients on established NUC therapy were
randomized to receive either placebo or 2-5 injections of the compound. A dose-
dependent reduction in HBsAg was observed and was independent of HBe serostatus,
but no sustained response to treatment was observed[75]. GapmeR is another
antisense LNA that benefits from hyperconserved regions at the 5' end of the HBx
gene and efficiently suppresses HBV expression in vitro[76]. Reducing off-target
toxicity, improving hepatocyte availability, and increasing affinity for a wide range of
quasispecies are essential for the new generation of RNAi therapeutics. However, the
inability to directly eradicate cccDNA and evolutionary pressures leading to increased
HBV mutation rates diminish their efficacy and may limit their application as only a
component of upcoming combination therapy.

Small molecule drug candidates that silence gene expression have performed well
in preclinical studies. RG7834 is the first orally bioavailable, highly selective
dihydroquinolizinone-based small molecule to produce significant HBV DNA
suppression and HBsAg regression in animal models[77]. The proposed mechanism of
action involves accelerated intranuclear viral mRNA degradation, which requires the

posttranscriptional regulatory element of HBV rather than inhibition of transcrip-
tion[78].

Core protein allosteric modulators

The Cp is a relatively small protein comprising 183 residues and is the basic element of
the nucleocapsid. The N-terminal region is responsible for the assembly function and
associated homodimer structure of Cp. Multimerization of 120 core dimers generates
the icosahedral structure of the mature nucleocapsid. However, Cp is not only a static
carrier of the HBV genome but also has a multifunctional role. The arginine-rich C-
terminal domain is required for pgRNA capsidation, coordinates reverse transcription
initiation, and regulates intracellular transport pathways via nuclear localization
signals. In addition, Cp makes epigenetic modifications to cccDNA and interacts with
HBsAg to promote virion morphogenesis[79]. Imprinting of the nucleocapsid at
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various points in the viral life cycle implies that allosteric modulation of Cp may be an
effective therapeutic option. Nuclear protein allosteric modulators (CpAMs) interfere
with the assembly process by binding to a hydrophobic pocket within the dimer-dimer
interface, thereby triggering changes in the quaternary structure[80]. Based on their
pharmacological properties, we recognize two classes of CpAMs. Type I CpAMs,
typically heteroaryldihydropyrimidine analogs (HAP), alter the kinetics of Cp
oligomerization and promote the formation of large aberrant, nonencapsulated
polymers that are prone to degradation or intracellular aggregation. Phenylpropen-
amides and sulfamoylbenzamides (SBAs) are the major II type CpAMs and cause
acceleration of the assembly process, resulting in nascent capsids that lack the pgRNA
polymerase complex-important for HBV replication[80]. In addition to limiting rcDNA
new synthesis, certain CpAMs inhibit de novo cccDNA formation by disrupting
nucleocapsid uncoating during the initial steps of the viral life cycle[81].

Numerous pharmaceuticals targeting Cp have been tested in clinical trials.
RO7049389 is an orally administered compound that belongs to class I of CpAMs and
has shown a satisfactory safety and tolerability profile. When administered to patients
with CHB over a 28-d period, RO7049389 resulted in a significant reduction in HBV
DNA (median decrease of 2.66-3.2 log,,IU/mL). Remarkably, HBV DNA decreased
below the limit of detection in 13/16 HBeAg-negative patients[82]. Currently,
RO7049389 is being studied in a Phase II trial as part of a combination therapy that
also includes an immunomodulator and an NUC (NCT04225715). GLS4 and KL060332,
which exhibit potent antiviral activity and low cytotoxic effects in experimental
models, are among the HAP derivatives that promote defective capsid assembly and
have successfully entered clinical development[83,84].

The first SBA derivative NVR 3-778 was administered in a placebo-controlled,
multicenter Phase I study to 73 HBeAg-negative patients over a treatment period of 4
wk. Significant reductions in HBV DNA and RNA were observed at daily doses > 1000
mg, but HBsAg levels were unaffected. The mean HBV DNA change was more
pronounced in patients receiving NVR 3-778 plus Peg-IFN (-1.97 log,,IU/mL) than in
patients receiving NVR 3-778 monotherapy (-1.43 log,,IU/mL) or Peg-IFN
monotherapy (-1.06 log,,IU/mL)[85]. After meeting safety standards, JNJ-6379,
another potent SBA derivative that manipulates nuclear protein to form empty capsids
and affects the kinetics of nucleocapsid degradation, was enrolled in a Phase II clinical
trial[86]. Preliminary data from 88 unpretreated and 84 virologically suppressed
patients randomized to receive 75 mg or 250 mg of JNJ-6379 plus NUC or placebo plus
NUC support more pronounced HBV DNA and RNA suppression in untreated
patients receiving dual therapy. Importantly, a median HBsAg reduction of 0.4 log,,
IU/mL was observed in untreated HBeAg-positive patients receiving 250 mg JNJ-6379
plus NUCJ87]. JNJ-6379 is under investigation in a Phase II trial evaluating the safety
and efficacy of a triple combination of anti-HBV therapies along with a NUC and the
RNAi-based JNJ-3989 (NCT03982186). AB-423, AB-506 and EDP-514 are II CpAMs that
have entered clinical trials (Table 1). AB-506 was discontinued due to 2 cases of acute
hepatitis during a 28-d phase Ia study in healthy volunteers (ACTRN-12618000
987268).

Data from two phase II studies of the first-generation core inhibitor ABI-H0731
strongly support further development of that agent. The first is an ongoing, double-
blind, placebo-controlled study in virologically suppressed patients randomized to
receive either ABI-H0731 (300 mg daily) plus NUC or placebo plus NUC
(NCTO03576066). After 24 wk of treatment, a higher proportion of patients treated with
combination therapy achieved undetectable HBV DNA, as measured by high-
sensitivity PCR, compared with those receiving placebo plus NUC [15/16 (94%) vs
7/10 (70%)][88]. The second study was an open-label extension study (NCT03780543)
that demonstrated sustained reductions in HBV DNA, RNA, and viral antigens in
patients treated with ABI-H0731 plus NUC for more than 1 year[89]. ABI-H2158 is a
second-generation core inhibitor. Recently, data were published from a phase Ib study
in which HBeAg-positive patients were blindly randomized to receive 100, 300, or 500
mg ABI-H2158 or placebo once daily for 14 d. The changes in HBV DNA from baseline
to day 15 were -2.3 log,,JU/mL, -2.5 log,,IU/mL, -2.7 log,,IU/mL, and -0.1 log,,
IU/mL, respectively[90]. QL-007, ZM-H1505R, ALG-001075, ALG-000184, GLP-26, AT-
61, AT-130, and phthalazinone derivatives are other CpAMs in the pipeline for an
HBV cure (Table 1).

HBsAg inhibitors

In the sera of infected patients, in addition to infectious Dane particles, we find an
excess (even 10000-fold) of empty SVPs in the form of spheres and filaments composed
of envelope proteins. SVPs transport most of the circulating HBsAg, interfere with
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Table 1 Direct-acting antivirals in the pipeline for chronic hepatitis B virus infection

. Phase of ‘
Compound Class and action Ref. or trial number
development
Entry Inhibitors HBIG Polyclonal antibodies Available Herrscher et al[29]
neutralizing HBsAg
GC1102 Monoclonal antibody Phase II NCT03801798
neutralizing HBsAg
HzKR359-1, HzKR127-3.2 Anti-preS1 monoclonal Preclinical Wi et al[30]
antibodies
Heparin, Suramin Inhibition of HBV-HSPGs Preclinical Herrscher et al[29] and
interaction Petcu et al[33]
SALPs Inhibition of HBV-HSPGs Preclinical Krepstakies et al[32]
interaction
PAC and analogs Anti-preSl oligomeric Preclinical Tsukuda et al[35]
flavonoid analogs
Conjugated bile acids (TCA, NTCP inhibitors Preclinical Yan et al[36]
UDCA, TUDCA)
Ezetimibe, Irbesartan NTCP inhibitors Available Lucifora et al[37] and Ko
et al[38]
Cyclosporine A analogs (SCY450, NTCP inhibitors Preclinical Watashi ef al[39] and
SCY995) Shimura et al[40]
Bulevirtide(Myrcludex B) NTCP inhibitor Phase III Wedemeyer ef al[41]
TargetingcccDNA Interferons, TNF-a, Lymphotoxin- cccDNA degradation Available Bockmann et al[44] and
{3 receptor agonists Xia et al[45]
ccc-R0O8 cccDNA destabilizer Preclinical Wang et al[46]
Zinc finger nucleases Gene editing technology Preclinical Cradick et al[47]
TALENs Gene editing technology Preclinical Chen et al[49]
CRISPRassociated (Cas) Gene editing technology Preclinical Ramanan et al[48], Seeger
nucleases and Sohn[50], and
Martinez et al[51]
Co46 CBP and p300 Preclinical Cougot et al[54]
inhibitorEpigenetic silencing
GS-5801 Lysine demethylase 5 Phase I Gilmore et al[55]
inhibitorEpigenetic silencing
EYP001 FXR agonist Phase I1 Erken et al[56]
TargetingHBx Nitazoxide HBx-DDBI interaction Phase II Sekiba et al[58], Rossignol
inhibitor and Bréchot[59]
Pevonedistat NEDD8-activating enzyme Preclinical Sekiba et al[60]
inhibitor
AGK2 SIRT-2 inhibitor Preclinical Yu et al[61]
CRV431 Cyclophilin inhibitor Phase I NCT03596697
RNA interference JNJ-3989 siRNA Phase II Gane et al[66]
VIR-2218 (or ALN-HBV) siRNA Phase II Gane et al[67]
ARB-1467 siRNA Phase IT Streinu-Cerce et al[68]
ARB-1740 siRNA Phase I Thi et al[191]
AB-729 siRNA Phase I Yuen et al[69]
RG6346 (or DCR-HBVS) siRNA Phase II Yuen et al[70]
GSK3228836, GSK33389404 ASOs Phase I Han et al[71] and Yuen
et al[72]
ALG-020572, ALG-020576 ASOs Preclinical Hong et al[74]
RO7062931 (or RG6004) Antisense LNA Phase I Yuen et al[75]
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Gapmers Antisense LNA Preclinical Cortese et al[76]
RG7834 RNA destabilizer Preclinical Mueller et al[77] and Zhou
et al[78]

RO7049389 (or RG7907) Class I CpAM (HAP Phase II Gane et al[82]
derivative)

GLS4 (or morphothiadine) Class I CpAM (HAP Phase II Zhao et al[83]
derivative)

KL060332 Class I CpAM (HAP Phase I Tai et al[84]
derivative)

NVR3-778 Class I CpAM (SBA Phase I Yuen et al[85]
derivative)

JNJ-6379 Class I CpAM (SBA Phase II Berke et al[86] and Janssen
derivative) et al[87]

AB-423 Class Il CpAM (SBA Phase I Mani et al[192]
derivative)

EDP-514 Class I CpAM Phase I NCT04470388

ABI-H0731 CpAM Phase I Fung et al[88] and Yuen

et al[89]

ABI-H2158 CpAM Phase II Agarwal et al[90]

ABI-H3733 CpAM Phase I NCT04271592

QL-007 CpAM Phase I NCT03770624

ZM-H1505R CpAM (Pyrazole derivative) Phase I NCT04220801

ALG-001075, ALG-000184 Class I CpAMs Preclinical Zhang et al[193]

GLP-26 Class II CpAM (SBA Preclinical Amblard et al[194]
derivative)

AT-61, AT-130 Class II CpAMs (PPA Preclinical Delaney et al[195]
derivatives)

Phthalazinone derivatives CpAMs Preclinical Chen et al[196]

REP 2139, REP 2156 NAPsSVP release inhibitors Phase I Bazinet et al[95]

ALG-010133 STOPS Phase I Nie et al[94] and Gohil

et al[96]

ASOs: Antisense oligonucleotides; CBP: CREB binding protein; cccDNA: Covalently closed circular DNA; CpAM: Core protein allosteric modulators;
DDBI1: DNA damage-binding protein 1; FXR: Farnesoid X receptor; HAP: Heteroaryldihydropyrimidine; HBIG: Hepatitis B immunoglobulin; HBsAg:

Hepatitis B surface antigen; HBV: Hepatitis B virus; HBx: Hepatitis B virus X protein; HSPGs: Heparan sulfate proteoglycans; LNA: Locked nucleic acid;

NEDDS: Neural precursor cell expressed, developmentally downregulated-regulated 8; NTCP: Na+ - taurocholate cotransporting polypeptide; PAC:

Proanthocyanidins; PPA: Phenylpropenamide; SALPs: Synthetic anti-lipopolysaccharide peptides; SBA: Sulfamoylbenzamide; siRNA: Small interfering

RNA; SIRT-2: Sirtuin 2; STOPS: S-antigen transport inhibitory oligonucleotide polymers; SVP: Subviral particles; TALENs: Transcription activator-like

effector nucleases; TCA: Taurocholic acid; TUDCA: Tauroursodeoxycholic acid; UDCA: Ursodeoxycholic acid.
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signaling pathways of innate and adaptive immunity, and thus contribute to viral
persistence[91]. Nucleic acid polymers (NAPs) act through phosphorothioated
oligonucleotides to disrupt apolipoprotein interactions involved in SVP assembly and
secretion[92]. Analysis of the relative changes in HBsAg isoforms during NAP
administration in CHB patients suggests a stronger effect on S-HBsAg. As S-HBsAg is
the major component of SVPs, it can be inferred that NAPs act by selectively inhibiting
SVP release[93]. S-antigen transport inhibitory oligonucleotide polymers (STOPS)
share structural similarities with NAPs, implying a comparable mechanism of action.
Moreover, STOPs are characterized by distinct chemical properties that provide
enhanced efficacy in different HBV cell lines, including those with a high degree of
HBV integration[94]. Therefore, elimination of HBsAg by inhibition of SVP secretion
and consequent abrogation of immunosuppressive effect reflects a significant
therapeutic opportunity.

REP-401 was an open-label phase II study to validate the safety and efficacy of the
NAPs REP 2139-Mg and REP 2156-Mg in HBeAg-negative patients with CHB. After 24
wk of NUC treatment, 40 subjects were randomized to two groups; the first group
received experimental treatment (NUC + Peg-IFN + REP 2139-Mg or REP 2165-Mg) for
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48 wk. The second group received control therapy (NUC + Peg-IFN) for 24 wk
followed by experimental treatment for 48 wk. The addition of NAPs to Peg-IFN +
NUC therapy resulted in remarkable HBsAg clearance and seroconversion without
serious adverse effects. Importantly, at the 48-wk post-treatment follow-up, 14 of 40
patients achieved a functional cure with durable HBsAg seroconversion. Efficacy and
safety parameters between REP 2139-Mg and REP 2165-Mg were equivalent[95]. As
for STOPS, ALG-010133 is the leading candidate that has progressed to clinical testing
after demonstrating minimal genotoxic effects and favorable pharmacokinetic
properties in mice and monkeys (NCT04485663)[96].

Restoring host immunity in HBV infection

Control of HBV infection requires an alert innate immune system and coordinated
specific humoral and cellular anti-HBV responses. Resolution of acute HBV infection
in adults reflects an optimal host response involving early control of viral replication
possibly by IFN-mediated non-cytolytic mechanisms. The human immune system is
equipped with a series of pattern-recognition receptors (PRRs) that recognize HBV and
trigger signal transduction pathways leading to the production of proinflammatory
cytokines and IFN by effector cells. In parallel, functional antigen-presenting cells
(APCs) activate the two arms of adaptive immunity, polyclonal and multispecific
CD4+ and CD8+ T-cell responses, and properly regulated B cells that differentiate into
plasma cells that secrete neutralizing antibodies. Their relative contribution to viral
clearance remains to be elucidated. In a chimpanzee model, effective CD4+ T-cell
priming and cytotoxic T-cell activity were shown to be essential for limiting HBV
infection[97,98]. On the other hand, the importance of humoral defense was
highlighted in patients with previously cleared HBV infection who received rituximab
for treatment of malignancies. In those patients, anti-HBs seropositivity was highly
protective against viral reactivation[99]. It remains controversial whether HBV is a
"stealth" virus that evades detection or acts as a suppressor of the innate defense
system. Interestingly, coinfection with other hepatotropic viruses stimulates the host
response and suppresses HBV replication, suggesting that agents that activate innate
immunity offer a therapeutic prospect[100]. In established infection, HBV polarizes
monocytes/ macrophages toward an anti-inflammatory phenotype by stimulating the
synthesis of TGF- and IL-10 and recruiting myeloid derived suppressive cells
(MDSCs) with inhibitory functions. In vitro, MDSCs secrete arginase that downreg-
ulates IFN-y expression by HBV-specific T cells and promotes regulatory T-cell
activity. Under those circumstances, HBV educates natural killer (NK) cell differen-
tiation to regulatory NK cells and promotes the creation of deficient and tolerogenic
dendritic cells (DCs). Moreover, CD4+ and CD8+ T cells respond inadequately with
decreased cytokine secretion and weak cytotoxicity, whereas expression of
programmed cell death protein 1 (PD-1) and other negative signaling pathways
indicate T-cell exhaustion in CHB resulting from long-term exposure to a high antigen
load[12]. A better understanding of HBV viral and host immune responses has led to
attempts to develop therapeutic factors that target a dysfunctional immune system. A
variety of immunomodulatory strategies are currently being investigated, including
PRR agonists, agents targeting immune checkpoint proteins, T-cell engineering, and
therapeutic vaccination to promote efficient and long-term anti-HBV activity (Table 2).

Toll-like receptor agonists

Toll-like receptors (TLRs) are a distinct class of PRRs that recognize pathogen-
associated molecular patterns and damage-associated molecular patterns. Activation
of TLRs initiates a cascade of signaling pathways leading to the production of
proinflammatory cytokines, chemokines, type I IFNs, and antimicrobial
peptides[101,102]. In CHB, abnormal (mainly downregulated) expression and
impaired function of TLRs have been reported in both in vivo and in vitro studies
[103-106]. Moreover, in vivo and in vitro studies have shown that TLR-mediated innate
immune responses can lead to inhibition of HBV replication[107-110]. Therefore, TLRs
represent a promising target for stimulating the immune system and rebalancing
immune responses during chronic infection. GS-9620, also known as vesatolimod, is an
orally bioavailable TLR-7 agonist that has shown promising results in preclinical
studies by increasing IFN production, activating immune cells, and reducing viral
DNA in serum and liver[109,111]. Although phase II studies with vesatolimod have
shown a dose-dependent induction of IFN-stimulated gene expression, no significant
decrease in HBsAg has been observed[112,113]. Attempts to optimize hepatoselectivity
led to development of APR002, a novel TLR-7 agonist that has a better serum-to-liver
ratio than GS-9620 because its uptake is mediated by the organic-anion-transporting
polypeptide 1B1/3 transporters, which are highly expressed in the sinusoidal
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Compound Class and action Phase of development  Ref. or trial number
TLR agonists GS-9620 (or Vesatolimod) TLR-7 agonist Phase II Janssen et al[112] and Boni
et al[113]
RO7020531 (RG7854) TLR-7 agonist Phase II Luk et al[116]
JNJ-64794964 TLR-7 agonist Phase I Wu et al[117]
APR002 TLR-7 agonist Preclinical Korolowizc et al[115]
T7-EA TLR-7 agonist Preclinical Hu et al[118]
GS-9688 (or Selgantolimod) TLR-8 agonist Phase II Mackman et al[121] and Janssen
et al[122]
ImmunoTAC™ ASGR1-TLR8 agonist Preclinical Baum et al[123]
conjugate
RIG-I, NOD agonists SB9200 (or Inarigivir) RIG-I/NOD-2 agonist Phase II Yuen et al[129]
STING agonists DMXAA (or Vadimezan or STING agonist Preclinical Guo et al[132]
ASA404)
T-cell engineering TCR-engineered T cells TCR-specific for MHC-I Phase I NCT03899415 NCT02719782
restricted HBV epitopes NCT02686372
S-CAR engineered T cells CAR targeting envelope Preclinical Festag et al[145]
proteins
IMC-1109V ImmTAV targeting HLA-A Phase II EudraCT2019-004212-64
restricted HBV epitopes
ImmTAV-HLA-E ImmTAV targeting HBV Preclinical Leonard et al[151]
epitopes presented by HLA-E
Immune checkpoint Nivolumab Monoclonal antibodyPD-1 Phase Ib Gane et al[155]
inhibitors inhibitor
ASC22 (Envafolimab) Monoclonal antibodyPD-L1 Phase II NCT04465890
inhibitor
HSV-1 glycoprotein D (gD) BTLA-HVEM pathway Preclinical Hasanpourghadi et al[158]
inhibitor
APG-1387 TAP antagonist Phase II Zhang et al[159]
Vaccines INO-1800 DNA vaccine Phase I NCT02431312
HB110 DNA vaccine Phase I Yoon et al[164]
JNJ-64300535 DNA vaccine Phase I NCT03463369
AIC649 Viral vector vaccine (iPPVO)  Phase I Addy et al[167]
TG1050 Viral vector vaccine (Ad5) Phase Ib Zoulim et al[168]
VTP-300 Viral vector vaccine Phase I Vaccitech[169]
(ChAdOx1)
HepTcell T cell vaccine Phase I Lim et al[171] and
Altimmune[172]
GS-4774 Yeast-based, T-cell vaccine Phase II Boni et al[173]
Chimigen® HBV (C-HBV) Immune complex vaccine Preclinical Ma et al[177]
YIC (HBsAg-HBIG) Vaccine based on yeast- Phase I Zhou et al[178] and Xu et al[179]
derived immune complexes
ABX-203 (or Nasvac) HBsAg and HBcAg Phase III Al Mahtab et al[183] and
Yoshida et al[184]
VBI-2601 (or BRII-179) eVLP-based vaccine Phase II ACTRN-12619001210167
NP-preS1 Nanoparticle-based vaccine Preclinical Wang et al[190]

Ad5: Adenovirus serotype 5; ASGR1: Asialoglycoprotein receptor 1; BTLA-HVEM: B and T lymphocyte attenuator/herpes virus entry mediator; CAR:
Chimeric antigen receptor; ChAdOx1: Chimpanzee adenovirus Oxford 1; eVLP: enveloped virus-like particle; HBcAg: Hepatitis B core antigen; HBsAg:
Hepatitis B surface antigen ; HBV: Hepatitis B Virus; HLA: Human leukocyte antigen; HSV: Herpes simplex virus; IAP: Inhibitors of apoptosis protein;
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ImmTAV: Immunomobilizing monoclonal T cell receptors against virus; iPPVO: Inactivated Parapoxvirus ovis; MHC: Major histocompatibility complex;
NOD: Nucleotide-binding and oligomerization domain; PD-1: Programmed cell death protein 1; PD-L1: Programmed death-ligand 1; RIG-I: Retinoic acid-
inducible gene I; STING: Stimulator of IFN genes; TCR: T cell receptor; YIC: Yeast-derived immune complexes

membrane of hepatocytes[114]. A weekly oral dose of APR002 in combination with
entecavir over a 12-wk period contributed to sustained immune-mediated suppression
of CHB and cccDNA elimination by inducing antibody production and stimulating
IFN gene expression[115]. RO7020531 is another TLR-7 agonist that has shown a
favorable safety profile in clinical trials. A phase II trial evaluating the safety and
efficacy of triple anti-HBV therapy with RO7020531 along with NUC and the CpAM
RO7049389 (NCT04225715) is ongoing[116]. Single and multiple doses of JNJ-64794964
(JNJ-4964), which is a TLR-7 agonist, were administered to healthy adult volunteers to
clarify its pharmacokinetic/pharmacodynamic properties. The bioavailability and
safety parameters of a weekly dosing regimen and JNJ-4964-mediated immune
stimulation as demonstrated by IFN-a, IFN-y-inducible protein 10, IFN-stimulated
gene 15 (ISG15), and neopterin changes, support further development of this
agent[117]. Interestingly, a novel TLR-7 agonist (T7-EA) has been developed as a
component of a therapeutic vaccine that is under investigation. T7-EA has
demonstrated the ability to reverse immune tolerance to the HBV by inducing HBsAg-
specific antibody production and Thl-type immune responses in healthy and HBV-
infected mice[118].

In contrast to TLR-7 agonists, TLR-8 activation induces mainly proinflammatory
cytokines and chemokines [IL-12, and TNF-a, macrophage inflammatory protein
(MIP)- 1a] rather than IFN production because of the different receptor expression
pattern between different populations of immune cells[119]. G5-9688 or selgantolimod
is a selective TLR-8 agonist that has shown potent antiviral activity in preclinical
studies, reducing HBV RNA, HBV DNA, HBsAg, and HBeAg[120,121]. A phase II
multicenter, double-blind study was conducted to evaluate the safety and efficacy of
GS-9688 in 67 (39 HBeAg-positive) viremic CHB patients randomized (2:2:1) to receive
3 mg or 1.5 mg of GS-9688 or placebo once weekly for 24 wk in combination with daily
NUC therapy. Oral administration of GS-9688 up to 3 mg once weekly for 24 wk was
safe, well tolerated and elicited dose-dependent changes in cytokine/cytokine receptor
levels (IL-12p40, IL-1Ra and IFN-y) and shifts in immune populations. Although the
primary endpoint of an HBsAg reduction > 1 log,,IU/mL was not met, participants
who showed a reduction = 0.5 log,, IU/mL (n = 3) were exclusively in the GS5-9688
treatment group. Stronger HBsAg responses were associated with higher baseline ALT
and IFN-y levels[122]. A novel ImmunoTAC™ therapeutic is now available, consisting
of a TLR-8 agonist bound to a monoclonal antibody directed against liver-specific
ASGR1, and shown to result in hepatoselective immune activation. In cell cultures, the
ASGR1-TLRS8 conjugate strongly stimulates myeloid cells, which subsequently
upregulate IFN-y expression and activate B cells. In HBV-infected mice, this
compound exhibited minimal hepatotoxicity and induced significant HBsAg serocon-
version by enhancing anti-HBs and anti-HBc responses of IFNy+ T cells and triggering
anti-HBs B-cell responses[123].

Retinoic acid-inducible gene I-, nucleotide-binding oligomerization domain-like

receptors-, and stimulator of IFN genes-like receptor agonists

Retinoic acid-inducible gene I (RIG-I)-like receptors and nucleotide-binding oligomer-
ization domain (NOD)-like receptors are members of the PRR receptor family. When
stimulated by viral cytosolic RNA, RIG-I-like receptors (RLRs) undergo conforma-
tional changes that trigger intracellular signaling pathways and transcription factors
[nuclear factor-xB, interferon regulatory factor (IRF) 3, IRF7] that activate ISGs to
produce IFN-a and other cytokines[124]. Similarly, NOD-like receptors (NLRs) are
important coordinators of innate immunity involved in inflammasome activation, cell
death regulation, antigen presentation, and differentiation of adaptive immunity[125].
Evidence suggests that HBV has evolved multiple mechanisms to evade RLR- and
NLR-mediated responses[126,127]. In addition to direct inhibition of the HBV
replication complex, the orally administered dinucleotide inarigivir (SB9200) acts
preferentially via stimulation of RIG-I and NOD-2 receptors and has demonstrated a
suitable pharmacokinetic profile and robust antiviral efficacy in a marmoset HBV
model[128]. Final results from the phase II ACHIEVE study, in which 80 patients were
randomized 4:1 to receive inarigivir (25 mg, 50 mg, 100 mg, and 200 mg) or placebo for
12 wk followed by 12 wk of tenofovir administration in both arms, reported a dose-
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dependent decline in HBV DNA independent of HBeAg serostatus. The efficacy and
safety of inarigivir were highlighted at a daily dose of up to 200 mg. Further studies
investigating higher doses or additional inarigivir treatment in NUC-suppressed
patients are ongoing (NCT03434353)[129].

The stimulator of IFN genes (STING) downstream signaling pathway is an integral
component of innate immunity and recognizes cyclic dinucleotides that are products
of aberrant cytosolic DNA. STING recruits and activates the transcription factors IRF-3
and STAT-6 and induces the expression of type I IFNs and STAT-6-dependent
chemokines[130]. Preclinical studies have focused on manipulating the STING
antiviral drive to overcome tolerance in CHB. The STING-ligand cyclic guanosine
monophosphate adenosine monophosphate (cGAMP) was used as an adjuvant for an
HBsAg-derived vaccine and tested in HBV-infected mice. Indeed, cGAMP enhanced
the effect of the vaccine on humoral and cellular immunity. Specifically, the STING
cascade upregulated cytokines that triggered the synthesis of specific anti-HBV
antigens, activated APCs in lymphoid tissues, and elicited strong CD4+ and CD8+ T-
cell responses[131]. The STING agonist DMXAA (also known as vadimezan or
ASA404) has shown positive results in curbing HBV infection in vivo. DMXAA
induced macrophages to produce antiviral cytokines with a unique profile, resulting in

a significant reduction of HBV DNA and cytoplasmic HBV capsids in infected
mice[132].

T-cell engineering
T cells are key players in the coordination of the adaptive immune response. CD4+ T
cells contribute to the activation of B cells, regulate their differentiation into antibody-
producing plasma cells, promote the formation of memory CD8+ T cells, and trigger
the proliferation of CD8+ T cells directed against pathogen-infected cells. CD4+ T cells
secrete a variety of cytokines and generate specific environmental stimuli responsible
for the activation of APCs and the development of specific types of T effector
cells[133]. CD4+ regulatory T cells (Tregs) downregulate immune responses and
provide tolerance to self-antigens by maintaining immune homeostasis[134]. Although
a vigorous immune response against the HBV virus is induced during acute infection,
T-cell exhaustion or anergy is observed in chronically infected patients[135].
Exhausted CD4+ and CD8+ T cells are no longer effectively stimulated by their
respective ligands, and are characterized by upregulated co-inhibitory receptors (PD-1,
cytotoxic T-lymphocyte-associated protein 4, T-cell immunoglobulin and mucin
domain, CD244)[136,137], death receptors and pro-apoptotic molecules (tumor
necrosis factor-related apoptosis-inducing ligand-2, bcl-2-interacting mediator of cell
death)[138,139]. As a result, clonal expansion of HBV-specific T cells is impeded, pro-
apoptotic signals are triggered, and antiviral cytokines are downregulated, leading to
a weak anti-HBV response[135,140]. To reprogram immune function, a new concept is
emerging using autologous transfer of genetically restored HBV-specific T cells.
Indeed, adoptive immunity transfer has been demonstrated in CHB patients who
achieved HBsAg clearance after receiving allogeneic bone marrow transplantation
from donors with cleared HBV infection, indicating that efficient donor HBV-specific T
cells are able to overcome immunological exhaustion or anergy[141].

T-cell engineering is a revolutionary strategy to repair the function of HBV-specific
T cells. In this method, T cells are engineered with a chimeric antigen receptor (CAR)
that targets HBV envelope proteins[142] or with a natural T-cell receptor (TCR)
specific for HBV epitopes restricted to major histocompatibility complex (MHC) class
I[143]. To generate a genetically engineered T-cell population, T cells are isolated from
peripheral blood and activated in vitro to receive a transgene consisting of a CAR or a
TCR using viral transduction techniques. Subsequently, CAR or TCR-manipulated T
cells are cultured for clonal expansion and transfused back to the patient after a quality
assessment process[144]. In vivo experiments have been performed to investigate the
antiviral effect of CAR or TCR-manipulated T cells in HBV-infected animals. Festag
et al[145] developed an HBV mouse model that received human CAR receptor
targeting protein S (S-CAR) containing a human B-cell-derived single-chain antibody
fragment, a human immunoglobulin G (IgG) spacer, and CD28- and CD3-signaling
immunogenic domains. Specifically, murine CD8+ T cells were manipulated to express
S-CAR and transferred into HBV transgenic mice. S-CAR T cells exhibited robust
antiviral activity and achieved significant decreases in serum HBsAg, HBeAg, and
HBV DNA and increases in anti-HBs without therapy-associated side effects. Since
human-derived domains of S-CAR could induce rejection of transplanted cells in
immunocompetent organisms, further technical manipulations were performed to
ensure sustained expansion and persistence of S-CAR T cells[145].
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Irradiation of immunocompetent HBV mice and specific S-CAR tolerance treatment
[involving transfer of nonfunctional, signal-deficient S-Decoy (A) CAR T cells] were
essential for maintaining the long-lasting antiviral efficacy of S-CAR T cells. Similarly,
a preclinical study using T cells engineered to carry HBV-specific TCRs addressed to
HBYV core or envelope proteins yielded positive results. CD4+ and CD8+ T cells
derived from either healthy donors or CHB patients, after transplantation of the TCR
into HBV-infected mice, showed potent antiviral effects and achieved significant
reductions in HBsAg, HBeAg, HBV DNA (4 log,,mL/IU) and pgRNA. Importantly,
the engineered T cells induced clearance of HBV-infected hepatocytes without
significant toxicity to healthy liver tissue. Coadministration with bulevirtide provided
durable control of HBV infection[146]. Although preclinical models suggest T-cell
engineering as a promising strategy for efficient elimination of HBV virus, further
research is needed to clarify the immunological implications and safety parameters of
genetically engineered T cells. Adverse events associated with the binding of
transplanted T cells to other cognate or "off-target" antigens have been reported in
oncology patients[147,148]. Achieving sustained activity of transplanted T cells and
defining the optimal mechanism of T-cell delivery, cell volume, and frequency of
infusions required are among the challenges that need to be addressed[149]. Research
is ongoing and three clinical trials (NCT03899415, NCT02719782, NCT02686372)
investigating the safety and efficacy of TCR-engineered T cells in patients with HBV-
related HCC are currently recruiting participants.

Redirection of endogenous, non-HBV-specific T cells to eliminate HBV-infected cells
can be mediated by immunomobilizing monoclonal TCRs against virus (ImmTAV)
molecules. ImmTAYV molecules are bispecific molecules that combine a TCR with
increased affinity that targets HBV-specific human leukocyte antigen (HLA)-limited
epitopes and a recombinant anti-CD3 antibody that triggers T-cell activation. ImmTAV
molecules designed for HLA-A*02:01-restricted HBV antigen epitopes generated T
cells that specifically lyse in vitro HCC cells containing integrated HBV DNA and
HBV-infected cells[150]. A phase II study is currently evaluating the safety, antiviral
activity, and pharmacokinetics of the ImmTAV molecule IMC-I109V in HLA-A*02:01-
positive patients with CHB (EudraCT 2019-004212-64). However, the highly
polymorphic nature of HLA class I complexes compromises the efficacy of InmTAV
therapeutics. Leonard et al[151] used HLA-E, which is universally expressed and
highly conserved, to overcome HLA-related limitations and developed an ImmTAV
platform that recognizes HBsAg and HBV Cps presented by HLA-E alleles (HLA-
E*01:01 and 01:03). InmTAV targeting HLA-E has demonstrated potent antiviral
efficacy in vitro without significant cytotoxic effects on non-infected cells, joining the
long line of immunotherapeutic agents pursuing HBV eradication[151].

Immune checkpoint inhibitors

T-cell exhaustion has been associated with upregulation of inhibitory receptors on the
cell surface, resulting in a weak cellular response[152]. Therefore, the design of
immune checkpoint inhibitors that target these receptors and suppress their activity
may be a useful means of restoring T-cell function in HBV infection.

Nivolumab is an immune checkpoint inhibitor that has been clinically tested in
certain cancers and has shown a favorable safety profile[153,154]. It is a genetically
engineered human IgG4 monoclonal antibody that binds to PD-1. By inhibiting the
PD-1 interaction with its respective ligands (PD-L1 or PD-L2), nivolumab blocks the
signal transduction pathway, resulting in functionally active T cells[154]. A phase Ib
study (ACTRN12615001133527) evaluated the efficacy of this immunomodulator alone
or in combination with the immunostimulatory vaccine GS-4774 (discussed later in the
text) in virally suppressed CHB patients. Patients received a single intravenous dose of
nivolumab, either 0.1 mg/kg (n = 2) or 0.3 mg/kg (n = 12). In addition, 10 patients
received 40 yeast units (YU) of GS-4774 subcutaneously at baseline and 40 YU of GS-
4774 plus 0.3 mg/kg nivolumab at week 4. Mean changes in HBsAg levels were
estimated 12 wk after nivolumab administration, while safety and immunological
outcomes were assessed at week 24 (end of follow-up). Sustained and strong binding
of nivolumab to the PD-1 receptor was observed in all patients and a significant
decrease in HBsAg levels (0.5 log,,) was observed in patients in the higher dose group.
Nivolumab also induced HBsAg-specific T-cell responses without serious adverse
events until the end of follow-up, results that support further clinical testing of this
agent[155].

In addition, ACS22 (Envafolimab) is a single-domain antibody generated by a fusion
of the PD-L1 domain with the Fc fragment of the human IgG1 antibody. This chimeric
molecule binds with high affinity to PD-L1 and inhibits the PD-1/PD-L1 pathway,
thereby improving T-cell function[156]. A phase II trial is ongoing to evaluate the
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safety, tolerability and efficacy of ASC22 in CHB patients (NCT04465890).

Herpes simplex virus-1 glycoprotein D (gD) is one of the checkpoint inhibitors of
the B and T lymphocyte attenuator/herpes virus entry mediator pathway that revives
T-cell response and antigen recognition by CD8+ T cells[157]. A viral vector-based
vaccine expressing HBc and polymerase antigens in genetic combination with gD was
tested in a mouse model. Vaccination resulted in a reduction of HBV genome copies by
approximately 2 log,,IU/mL for a period of more than 8 wk. The use of gD expanded
the antigen repertoire recognized by CD8+ T cells and optimized their response. If
these results are confirmed in clinical trials, a shift toward subdominant epitopes may
be necessary to circumvent irreversibly depleted T cells targeting immunodominant
HBYV epitopes[158].

Apoptosis is an additional biological checkpoint process that promotes the
elimination of pathogen-infected cells and contributes to viral control. Inhibitors of
apoptosis proteins (IAPs) have been associated with impaired clearance of HBV virus
by preventing IFN-mediated death of virus-infected cells and are currently being
investigated as potential targets of anti-HBV therapeutics. APG-1387 is an IAP
antagonist that shows robust anti-HBV activity in vivo. Intravenous or intraperitoneal
injection of 20 mg/kg APG-1387 once weekly for 4-20 wk in HBV mice induced
clearance of serum HBsAg, HBeAg, HBV DNA, and elimination of liver HBcAg and
achieved sustained HBV clearance after treatment. These effects on HBV markers
mediated by APG-1387 were attributed to activation of intrahepatic HBV-specific
CD4+ and CD8+ T-cell responses and stimulation of immune-related genes[159]. A
phase II open-label dose-escalation study to evaluate the safety, tolerability, and
pharmacodynamics of APG-1387 in CHB patients is ongoing (NCT04568265).

Vaccination

Vaccination against HBV virus is a safe, effective, and globally accepted prevention
strategy that is part of routine childhood immunization programs[160]. To date,
attempts to use vaccination as part of anti-HBV treatment against established infection
have not met the expectations raised by experimental models[161]. The basic
mechanism of action of the vaccine involves the injection of an inactive compound of
the target pathogen that is recognized by APCs, which in turn activate T and B cells.
This activation results in the production of specific antibodies, lysis of pathogen-
infected cells, and clonal expansion of T and B cells including memory subpopulations
that contribute to long-term immunity against the virus[162]. Several categories of
HBYV vaccines are being tested, including DNA vaccines, viral vector-based vaccines,
T-cell epitope peptides, and immune complex (IC) vaccines[163].

DNA vaccines: INO-1800 is a DNA-based vaccine containing plasmids encoding
surface and core antigens. A phase I dose-escalation clinical trial (NCT02431312) was
conducted to evaluate the safety and immunogenicity of INO-1800 either alone or in
combination with INO-9112 (DNA plasmid expressing human IL-12) as an adjuvant in
90 virally suppressed CHB patients. This study is complete and final results are
awaited. HB-110 is an investigational vaccine equipped with a broader antigenic
arsenal consisting of three DNA plasmids (pGX10-S/L, pGX10-C/P and pGX10-hIL-
12m) expressing HBV envelope proteins (S, L), Cp/polymerase and human IL-12,
respectively. Although they elicit potent T-cell and antibody-mediated responses in
animal models, the effect of HB-110 was weak in 27 Korean patients receiving
NUC[164]. A phase I study is ongoing to evaluate the safety and efficacy of an
additional DNA vaccine JNJ-64300535 in virally suppressed CHB patients receiving
NUC therapy (NCT03463369). Intracellular delivery of the aforementioned DNA
vaccines, instead of viral vectors, is based on electroporation, a technology that
disrupts cell permeability by applying a potential difference across the membrane.
Optimization of electroporation platforms is critical to transfect larger cell populations
and improve vaccine immunogenicity[165].

Viral vaccines: AIC649 is an immunostimulatory vaccine consisting of inactivated
parapoxvirus particles. In animal models, AIC649 induced significant upregulation of
Th1 cytokines, activation of APCs, and HBV-specific T-cell responses, resulting in a
remarkable decrease in HBV DNA comparable to that induced by tenofovir or
entecavir[166]. Single intravenous doses of AIC649 were tested in CHB patients in a
randomized, placebo-controlled trial. The study included 32 patients divided into four
ascending dose groups (6 AIC649:2 placebo in each group) and followed for 3 mo. A
single dose of this agent was reported to stimulate innate immunity, as evidenced by
increased plasma levels of IL-1B, IL-6, IL-8, IFN-y, and reduced levels of IL-10. In
addition, a significant expansion of the CD4+ T-cell memory population was observed,
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whereas HBsAg levels did not change significantly[167].

The vector-based vaccine TG1050 uses a non-replicative serotype 5 adenovirus
expressing a large fusion protein containing the polymerase and domains of envelope
and core antigens. Forty-eight virally suppressed CHB patients were randomized in a
1:1:1 ratio to three dose levels (10° 10", 10" viral particles) of TG1050 in a phase I
study; in the first phase, 12 participants were assigned to a single-dose cohort (9
vaccine:3 placebo) and the remaining participants were assigned to a multiple (3) dose
cohort (27 vaccine:9 placebo). TG1050 demonstrated a favorable safety profile and
induced IFN-y-producing T cells that reacted to HBV antigens. Although HBcAg was
undetectable in 6 patients, the decrease in HBsAg was not significant[168].

VTP-300 is based on a viral vector platform and consists of replication-deficient
chimpanzee adenovirus oxford 1, which encodes three full-length HBV antigens and is
designed to elicit specific CD4+ and CD8+ T-cell responses[169]. A phase I study to
evaluate the safety and efficacy of VTP-300 in viral suppressed CHB patients is
ongoing (NCT04297917).

T-cell vaccines: The initiation of T-cell-mediated eradication of a virus-infected cell
depends on the interaction of the TCR with the target antigen presented by the MHC.
T-cell vaccines consist of HBV epitope peptides that target specific TCR receptors and
aim to elicit T-cell responses against HBV antigens[170].

The HepTcell vaccine is a synthetic immunomodulator consisting of nine peptides
designed to induce CD4+ and CD8+ T-cell responses against multiple HBV epitopes.
A formulation of these nine peptides in combination with a TLR-9 agonist adjuvant
was prepared to enhance HBV-specific immune responses. Lim et al[171] evaluated the
safety and efficacy of HepTcell against HBV infection in a placebo-controlled phase Ib
study. A total of 60 HBeAg-negative CHB patients on established NUC treatment were
randomized to three dose-escalating cohorts of HepTcell with or without IC31. They
received 3 injections with a 28-d injection interval and were followed up for 6
mo[171]. The results support further development of this immunomodulator in a
phase 1II trial[172], as HepTcell administration was safe and induced virus-specific
cellular immune responses, especially in combination with TLR9 adjuvant[171].

GS-4774 is a therapeutic vaccine containing HBx, core and envelope proteins
together with recombinant Saccharomyces cerevisiae as a natural adjuvant to elicit HBV-
specific T-cell responses. In a multicenter, randomized phase II trial, 169 HBsAg-
positive, treatment-naive patients were recruited. Participants were randomized 1:2:2:2
into groups receiving oral TDF (300 mg) alone or in combination with 2, 10, or 40 GS-
4774 YU. Vaccination was administered subcutaneously in six monthly doses, while
oral administration of NUCs continued until the end of follow-up (week 48). The
addition of GS-4774 to NUC treatment was well tolerated, induced a reduction of
Tregs, and stimulated IFN-y, TNF-a, and IL-2-producing CD8+ T cells directed against
specific HBV epitopes. However, HBsAg levels remained stable and CD4+ T-cell
responses were anemic[173]. Therefore, restoration of T-cell immune responses by
vaccination is an achievable strategy, but clinical benefits may occur in the context of
combination treatment.

IC vaccines: Research aimed at HBV eradication has used IC-based therapies to
increase host immune activation. ICs, which consist of immunoglobulins bound to
their cognate antigens, are able to exert significant immunoregulatory effects.
Specifically, ICs can activate APCs via binding of their Fc fragment to Fc receptors
(FcyR) expressed on these cells[174]. Activation of FcyR-mediated signaling in DCs, as
well as the effect of ICs on cross-presentation, leads to upregulation of antigen
delivery to MHC-II molecules, resulting in increased antibody production and clonal
expansion of immune memory cells[175]. In addition, ICs trigger molecular signaling
pathways associated with phagocyte action (ITAM/Syk) and other signal transduction
pathways that regulate cellular processes, tumor suppression, and inflammation[176].
Chimigen® HBV is a therapeutic vaccine based on a fusion molecule consisting of
HBV antigens (PreS1 and PreS2 peptide fragments and Cp) and a murine Fc fragment
targeting FcyRII (CD32) and mannose receptor (CD206). The Fc-receptor interaction
leads to internalization of the chimeric molecule by immature DCs and promotes
MHC-I and -II surface expression. In preclinical studies, vaccination induced clonal
expansion of HBV-specific T cells, upregulated IFN-y, TNF-a, perforin, and granzyme
B expression by CD4+/CD8+ T cells, and induced apoptosis of Tregs[177].
Yeast-derived immune complexes (YIC) of HBsAg in combination with high-titer
immunoglobulin (HBsAg-HBIG) were developed to facilitate antigen uptake by APCs
and initiate strong adaptive immune responses. The immunomodulatory effects of ICs
were illustrated in a pilot study in which 44 HBsAg- and HBeAg-positive CHB
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patients were randomly assigned to receive intramuscular injections of YIC, alum, or
normal saline as adjuvants to adenofovir. Patients treated with YIC experienced a
relative increase in Th1 and Th2 CD4+ T cells and an increase in Tc1 and Tc17 CD8+ T
cells, whereas the number of Tregs decreased. Regarding the cytokine profile, IL-2 and
IFN-y were significantly upregulated, whereas the inhibitory cytokines IL-10 and TGF-
B, and transcription factor Foxp3 were reduced[178]. Although the primary endpoint
was not met, administration of YIC showed strong antiviral efficacy with respect to
HBeAg seroconversion in a phase IIb study[179].

Not to be neglected are the possible implications of ICs in immunopathological
reactions. It has been described that an inability of phagocytes to clear ICs leads to
deposition, which can trigger inflammation and tissue damage by activating
complement receptors on innate immune cells. Furthermore, paradoxical enhancement
of bacterial infections can occur when non-neutralizing IgG-antibody complexes
activate FcyR signaling in infected monocytes/macrophages (intrinsic antibody-
dependent enhancement)[180,181]. The investigation of ICs in HBV vaccinology has
just begun and further studies are needed to evaluate IC-associated effects and assess
their potential as part of combination therapies[182].

Optimizing drug delivery in HBV vaccination

Breakthroughs in biomedical engineering have contributed to improved drug delivery
systems involving either routes of administration or delivery vehicles. The ABX-203
vaccine (Nasvac), which contains HBsAg and HBcAg antigens, was developed for
nasal administration. Nasvac has been enrolled in a phase III open-label, randomized
clinical trial (NCT01374308) comparing the therapeutic efficacy of Nasvac to Peg-IFN
in therapy-naive CHB patients. A total of 160 patients were assigned 1:1 to either
Nasvac or Peg-IFN. Nasvac was administered via nasal spray (1 mL) (baseline to week
12) or via nasal spray and subcutaneously (1 mL) (from week 12 to week 24). Patients
in the Peg-IFN group received 180 pg Peg-IFN once weekly for 48 wk. A 24-wk follow-
up period was conducted. Nasvac showed a better safety profile in terms of adverse
effects and induced a higher HBV DNA drop compared to Peg-IFN. In parallel,
transient ALT flares were more frequent in the Nasvac group than in the Peg-IFN
group (85% vs 30%), suggesting that vaccination induces a higher rate of positive
immune activation. In addition, Nasvac administration prevented progression of liver
cirrhosis, as measured by liver stiffness, and induced HBeAg seroconversion more
frequently[183]. The efficacy of Nasvac was also evaluated in a clinical trial of 71 CHB
patients (including 29 participants on a stable NUC regimen) who received ten doses
of the drug once every two weeks. Nasal administration of Nasvac was associated
with sustained reductions in HBsAg and increases in anti-HBs in both groups, and
notably, 6 of 45 patients monitored 18 mo after treatment achieved functional
recovery[184].

Optimization of vaccine delivery by using innovative viral vectors (chimapanzee
adenovirus, ChAd or modified vaccinia Ankara) encoding HBV antigens was invest-
igated in normal and HBV transgenic mice. Stimulation of HBV-specific T-cell
responses in the liver and increased production of HBc- and HBs-specific IgG were
observed without significant hepatotoxicity, providing new insights for clinical
investigations[185,186].

VBI-2601 (or BRII-179) is a protein-based vaccine candidate that has entered a phase
II trial (ACTRN12619001210167) using enveloped virus-like particle (eVLP)
technology. Briefly, eVLPs are noninfectious nanostructures that mimic bona fide
virions and carry viral antigenic epitopes to elicit immune responses[187]. In the case
of VBI-2601, the immunogenic preS1 domain was selected to trigger immune-mediated
clearance of HBV-infected cells. Nanoparticles are a novel strategy for vaccine
delivery, as ferritin-based nanoparticles have been found to elicit B-cell responses and
antibody production in Epstein-Barr virus or influenza virus infections[188,189]. A
nanoparticle vaccine was developed that delivers the pre-S1 domain of HBsAg to
specific DCs and lymphoid sinus-associated macrophages that activate follicular
helper T cells and B cells, respectively. Encouragingly, administration of ferritin
nanoparticle pre-S1 vaccine in HBV-infected mice resulted in significant decreases or
even undetectable HBV DNA and HBsAg. Moreover, vaccination resulted in
impressive rates of HBsAg seroconversion and cccDNA reduction[190]. Clearly,
among the new therapeutics targeting functional cure, nanoparticle vaccines represent
promising candidates worthy of future evaluation.
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DISCUSSION

So far, the introduction of NUCs has been the hallmark of therapeutic interventions
against HBV infection, achieving suppression of viral replication and thus significantly
improving the prognosis of patients. Nevertheless, the impact of existing treatment
regimens on cccDNA stability is negligible, implying that the intranuclear cccDNA
pool is constantly renewed, leading to chronification of HBV infection. Although
HBsAg clearance has long been an endpoint of clinical trials, the performance of NUCs
and IFN-based therapies has been more or less subpar. Considering that HBsAg can
originate from integrated viral DNA, it is clear that despite highly efficient drugs that
achieve functional cure, hepatocytes harboring reservoirs of HBV DNA may be
responsible for persistent subclinical antigen expression after resolution of infection or
residual risk for HCC. In parallel, with current therapeutics, there is little or no
reversal of defective innate immune responses and depletion of adaptive immunity
effectors; ergo, HBV establishes and replicates by exploiting the tolerogenic microenvir-
onment of the liver.

Innovative advances in biotechnology, as well as a better understanding of the
complex life cycle of HBV and its intricate effects on the host immune system, have
reinvigorated the field of HBV therapeutics. A number of drug candidates with
antiviral activity through various mechanisms have entered phase II/1II clinical trials,
demonstrating comparable or greater reductions in HBV DNA and/or RNA compared
to NUCs. The breakthrough entry inhibitor bulevirtide has demonstrated synergistic
activity with Peg-IFN, resulting in significant viral suppression and HBsAg reduction
in HBV/HDV-coinfected patients. Consistent reduction of HBV DNA was achieved
with CpAMs, and remarkably, coadministration with NUCs resulted in even more
profound inhibition of viral replication. RN Ai-based therapeutics with the lead agents
JNJ-3989 and VIR-2218, as well as NAPs, provided more exciting results and achieved
sustained HBsAg loss off-treatment in a substantial proportion of patients. In contrast,
gene editing technology, although providing direct cccDNA eradication, has not yet
been tested in clinical trials. Therefore, a sterilizing cure that results in elimination of
cccDNA and integrated DNA still seems a long way off, as it would require genome-
targeting tools.

In the field of immunotherapies, TLR agonists and other PRR agonists that stimulate
innate immunity have induced a substantial decrease in HBV DNA with weak effects
on HBsAg serostatus, whereas immune checkpoint inhibitors and especially the PD-1
blocker nivolumab induced stronger HBsAg responses in clinical trials. T-cell
depletion due to activation-induced cell death or T-cell exhaustion or anergy, caused
by high levels of viral antigens circulating in soluble form in patient sera, and the
concomitant inability to elicit potent cytotoxic responses, are possibly the reasons why
a conventional therapeutic HBV vaccine is elusive. Moreover, chronic inflammation
leads to a tolerogenic intrahepatic environment and suppresses T-cell effector
functions, which compromises vaccine efficacy. Nonetheless, efforts to improve
immunogenicity, the use of new vectors, and the introduction of innovative delivery
platforms have optimized HBV vaccine efficacy. Several vaccines have elicited HBV-
specific immune responses in clinical trials, and results from a phase III trial of Nasvac
offer the possibility of achieving a functional cure through immunotherapy. However,
enhancement of host immunity is a risk factor for induction of uncontrollable immune
activation and severe liver injury. Due to the variable hepatic inflammatory status and
the different pattern of intrinsic immune responses, different degrees of hepatotoxicity
may occur when the same treatment strategy is applied. Therefore, the implemen-
tation of strict criteria is imperative to ensure the safety of clinical trials evaluating
immunotherapies.

Obviously, a functional cure is more likely in the context of a combination therapy
that simultaneously targets HBV through multifaceted mechanisms. In parallel, an
immunomodulator could be used to restore innate immunity, while vaccination or T-
cell engineering could reprogram and enhance HBV multispecific cellular and
humoral responses. However, the extent to which the combination of different
therapeutic agents has an additive or synergistic effect on HBV suppression remains to
be elucidated. Therefore, it is important to design clinical trials that examine not only
the efficacy of concomitantly administered drugs, but also the resulting toxicity or
potential drug-drug interactions. Due to altered bioavailability and underlying
comorbidities, cirrhotic patients are more susceptible to hepatotoxicity and may be
harmed by hepatic flares, so this population should receive special consideration.

Interestingly, phase II trials are already underway investigating concurrent
administration of three DAAs (RNAi (JNJ-3989) plus CpAM (JNJ-6379) plus NUC)
(NCT04129554) or two DAAs together with an immunomodulator (NUC plus CpAM
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(RO7049389) plus TLR7 agonist (RO7020531)) (NCT04225715). IFNSs, either in their
native form or modified to increase their half-life, remain a major weapon in the
armamentarium against HBV providing antiviral efficacy not only through direct
mechanism (cccDNA degradation or epigenetic silencing) but also by exerting robust
immunoregulatory functions. IFNs due to their distinct mechanism of action retain a
position as part of “add-on” or “switch” to IFN treatment strategies in selected
patients on long-term NUCs to enhance HBsAg clearance[5]. Accordingly, numerous
clinical trials investigating experimental combination therapies include Peg-IFN.
PENGUIN (NCT04667104) and Piranga (NCT04225715) are ongoing phase II trials
assessing the efficacy of quadruple (RNAi (JNJ-3989) plus CpAM (JNJ-6379) plus NUC
plus Peg-IFN) and triple (siRNA (RO7445482) plus Peg-IFN plus NUC) combination
regimens, respectively, in virologically suppressed participants with CHB. Apart from
add-on strategies, the use of sequential treatment regimens could repair step by step
the dysregulated immunity and eventually enable HBV eradication. A randomized,
multicenter, phase II study is intended to evaluate if sequential ASO (GSK3228836)
and Peg-IFN treatment increases the rate of HBV surface antigen (HBsAg) loss in
participants on stable NUC therapy (NCT04676724). Undoubtedly, further studies are
needed to divide patients into groups that would benefit most from each combination
therapy.

CONCLUSION

We are in the midst of a storm of evolving pharmaceutical agents that tip the balance
toward a functional cure for HBV infection. First, a number of DAA drugs have
provided encouraging results targeting multiple points in the HBV life cycle;
inhibition of viral entry into the host cell, suppression of gene expression, blocking
HBsAg release, or even direct elimination of cccDNA are among the features of
antiviral drugs in the pipeline. Second, immune-based therapies have entered clinical
trials, and sustained restoration of innate immunity and enhancement of HBV-specific
cellular and humoral responses without induction of uncontrolled flares seems more
realistic than ever. There is a growing consensus that a future treatment could consist
of a NUC-based backbone, at least one novel DAA, and one or more immunomodu-
lators. Further studies are needed to clarify the parameters of overlapping toxicity and
to establish the most efficient combination strategy.
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