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Abstract: Despite a preventive vaccine being available, more than 250 million people suffer from
chronic hepatitis B virus (HBV) infection, a major cause of liver disease and HCC. HBV infects human
hepatocytes where it establishes its genome, the cccDNA with chromosomal features. Therapies
controlling HBV replication exist; however, they are not sufficient to eradicate HBV cccDNA, the
main cause for HBV persistence in patients. Core protein is the building block of HBV nucleocapsid.
This viral protein modulates almost every step of the HBV life cycle; hence, it represents an attractive
target for the development of new antiviral therapies. Capsid assembly modulators (CAM) bind to
core dimers and perturb the proper nucleocapsid assembly. The potent antiviral activity of CAM
has been demonstrated in cell-based and in vivo models. Moreover, several CAMs have entered
clinical development. The aim of this review is to summarize the mechanism of action (MoA) and the
advancements in the clinical development of CAMs and in the characterization of their mod of action.
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1. Introduction

Although a preventive vaccine exists against hepatitis B virus (HBV), around 250 mil-
lion of people around the world suffer chronic HBV infection, the principal cause of
advanced liver disease and hepatocellular carcinoma (HCC) [1,2].

The approved antiviral therapies, Nucleos(t)ide analogues (NUCs), including lamivu-
dine, adefovir, tenofovir, or entecavir, can effectively control viral replication by directly
inhibiting the reverse transcriptase activity of the HBV polymerase. However, the treatment
is lifelong, and a viral cure remains extremely rare. Pegylated interferon-o (PEG-IFN-)-
based therapies can result in a viral cure in a small number of patients but they have
significant side effects [3].

HBV is a small DNA virus and belongs to the Hepadnaviridae family. The genome of
HBYV is a partially double-stranded circular DNA (3.2 kilobase (kb) pairs) named relaxed
circular (rc) DNA. The viral polymerase is covalently attached to the 5’ end of the minus
strand of the rcDNA. The viral genome encodes four overlapping open reading frames
(ORFs: P, C, S, and X). The P ORF encodes the polymerase (a large protein of 800 amino
acids). Depending on whether translation is initiated from the precore region of the preC
RNA or the core regions of pregenomic (pg)RNA, the C ORF encodes the hepatitis B e
antigen (HBeAg) and the viral nucleocapsid hepatitis B core antigen (HBcAg), respectively.
The S ORF encodes the viral surface envelope proteins (HBsAg) and the X ORF encodes
the hepatitis B x antigen (HBxAg) [4].

HBYV infection involves the attachment and entry of HBV virions into host hepatocytes
through heparan sulfate proteoglycan (HSPG), including glypican 5 (GPC5) [5], and the
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liver-specific sodium-taurocholate cotransporting protein (NTCP) [6,7]. After entry, the
HBYV nucleocapsid is released into the cytoplasm and transported to the nucleus where it
interacts with the nucleoporin complex. The rcDNA is then released into the nucleus where
it is converted into an episomal covalently-closed-circular (ccc) DNA minichromosome
which serves as a template for HBV RNA transcription [4]. The HBV pgRNA is then
incorporated in the newly formed nucleocapsids where it is retrotranscribed in the corre-
sponding rcDNA. The rcDNA-containing nucleocapsid is either enveloped and released
as new virions or redirected into the nucleus to replenish the cccDNA pool [4]. Therefore,
CHB is characterized by the persistence of a nuclear cccDNA, which is not targeted by
approved antiviral agents [8].

Novel therapeutic strategies for curative approaches (inactivation or the loss of HBV
cccDNA) are urgently needed. In this context, HBcAg represents a target of choice for the
development of new antivirals as it plays a pivotal role in the HBV life cycle. The core pro-
tein allosteric modulators (CAM) are currently under clinical development. Nevertheless,
their mechanism of action (MoA) remains poorly characterized.

In this review, we summarize the molecular and cellular functions of HBcAg in the key
steps of the HBV life cycle and highlight the CAM molecules currently in preclinical /clinical
development for novel therapeutic strategies.

2. HBV Core Protein: A Multifunctional Protein Essential for HBV Life Cycle
2.1. Core Protein Is the Building Block of HBV Nucleocapsid

HBYV core protein or HBV core antigen (HBcAg) is a 183-amino acid protein trans-
lated from pgRNA. It includes three distinct domains: the alpha-helical rich N-terminal
domain (aa 1-140) involved in nucleocapsid assembly, a linker region (aa 141-149), and
the arginine-rich C-terminal domain (aa 150-183) required for viral genome replication,
although dispensable for capsid formation (Figure 1A) [9].

From a structural point of view, HBcAg constitutes the building block of the nucle-
ocapsid structure. Soon after its translation, the Core assembles into homodimers, while
three homodimers interact to form a trimer of dimers (Figure 1B) [10,11]. Structural studies
uncovered the architecture of the nucleocapsid shell. The core N-terminal assembly domain
comprises five a-helices. Dimerization of core protein is directed by hydrophobic bound-
aries between x-helices 3 and 4 of two distinct monomers that form a four-helix bundle at
the interaction surface (Figure 1D). A cysteine at position 61 creates disulfide bridges in the
dimer interface, however, mutational studies have shown that this residue is not essential
for dimer-capsid formation [12]. On the other hand, the distal part of the N-terminal as-
sembly domain (x-helix 5) is involved in the interdimer binding (Figure 1C,D). The mature
capsid shell is formed by 240-core subunits, the canonical T = 4 structure [12-14]. In vitro
studies showed that capsid assembly is a fine-tuned allosteric process whose kinetic strictly
depends on core dimers concentration, ionic stringency, and temperature (reviewed in [15]).
The initial step of capsid assembly is a slow process that ensures the correct interaction
of core dimers (nucleation step) as well as the specific binding and encapsidation of the
pol-pgRNA complex [16]. Once this complex is established, the fully mature nucleocapsid
is built-up and the pgRNA can be reverse transcribed in rcDNA. Perturbations of normal
nucleocapsid assembly strongly affect the pgRNA-pol encapsidation [17]. Recently, Luo
and co-workers reported that specific mutations in the core x-helix 5, involved in interdimer
interaction, affect both capsid assembly as well as pgRNA-pol encapsidation [18]. In this
study the authors conclude that pgRNA-pol complex interacts with a capsid intermediate
and not with a single core dimer.
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Figure 1. HBV core protein N-terminal domains 3D structure and capsid assembly process.
(A) Schematic representation of HBV core domains N-terminal: N. C-terminal: C; (B) Steps of
capsid assembly process; (C) Cristal structure of core protein hexamer with six bound NVR-010-001-
E2 molecules shown in red. The structure has been adapted from the deposited 3D structure of HBV
core mutant Y132A on PDB database (PDB: 5e0i; Lukacs, C.M., Abendroth, J., Klumpp, K., Crystal
structure of the HBV capsid Y132A mutant (VCID 8772) in complex with NVR10-001E2 at 1.95A
resolution, doi: 10.2210/pdb5e0i/pdb) [19]. Core dimers are colored respectively in blue (dimer 1),
green (dimer 2), yellow (dimer 3). Dimer 1 is shown in surface mode. (D) Front view of dimer 1 and
dimer 3 complex. Dimer 1 is shown as surface mode. (C,D) CAM molecule NVR-010-001-E2 bound
at the dimer 1 and dimer 3 interface is encircled in black. The structure was designed using PyMOL,
Version 2.5.2, Schrédinger, LLC.

2.2. Core Is Essential for the HBV Life Cycle

Beyond its molecular function described above, HBcAg protein modulates others
important steps in the viral life cycle (Figure 2).

After HBV infection, the nucleocapsid is released into the cytoplasm and translocates
to the nucleus where it disassembles and releases the rcDNA-pol complex [20,21]. Nu-
cleocapsid trafficking in the cytoplasm is driven by the core protein through its binding
to importin « and 3 [21,22]. Several studies propose that the C-terminal domain of core,
containing a nuclear localization signal (NLS), can be exposed externally of the capsid
shell in a phosphorylaton-dependent manner and thus can be recognized by NLS-binding
proteins [23-25].

It has been recently reported that after HBV infection and nucleocapsid disassembly,
the resulting free core protein stably binds to newly synthesized cccDNA, potentially
contributing to cccDNA synthesis or stability [26]. Core binds to cccDNA at the level of
CpGisland 2 [27]. Recruitment of Core to cccDNA induces epigenetic modifications such as
hypomethylation of the CpG island 2 that positively correlates with cccDNA transcription
and thus viral replication [27-29].

The core C-terminal domain (CTD), although dispensable for nucleocapsid assembly,
is essential for viral replication [9,30]. The CTD contains clusters of arginine residues
conferring a net positive charge; it is mainly localized on the interior of the nucleocapsid
and it is able to bind nucleic acids [31]. For these reasons, the CTD is considered having
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nucleic acid chaperone activity. Indeed, in vitro experiments demonstrated the ability of the
core CTD to support the annealing and unwinding of DNA [32]. Moreover, Core is known
to be phosphorylated at serine residues present in the CTD and that the phosphorylation
status influences its chaperone activity, pgRNA encapsidation, as well as other functions,
such as capsid stability and core cellular trafficking [33].
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Figure 2. HBV life cycle. The steps regulated by HBV core protein-(HBcAg) and inhibited or
potentially inhibited by capsid assembly modulators (CAMs) are indicated. rcDNA: relaxed circular
DNA. cccDNA: covalently closed circular DNA. HBeAg: HBV e antigen. pgRINA: pregenomic RNA.

2.3. Core Interacts with Host Factors for Its Functions

As described above, HBcAg regulates several steps of the HBV life cycle (Figure 2). To
perform such broad and sophisticated functions, Core exploits host-protein properties.

Core dimers interact with human heat shock protein 90 (HSP90). The binding with
this chaperone protein facilitates the formation and stabilization of HBV nucleocapsid, thus,
HSP90 is considered as a proviral host factor [34]. The NXF1/p15 machinery, generally
involved in host RNA nuclear export, directly binds to HBcAg, and drives its export
towards the cytoplasm [35].

The CTD phosphorylation regulates Core functions at different levels. Several host
kinases have been identified to be involved in Core phosphorylation, notably phosphoki-
nase C (PKC), serine arginine protein kinase 1 (SRPK1), cyclin-dependent kinase 2 (CDK2),
SRPKs, Glyceraldehyde-3-phosphate dehydrogenase protein kinase (GAPD-protein kinase),
and PLK1 (reviewed in [33]). On the other hand, Hu and coworkers recently identified
protein phosphatase 1 (PP1) as being responsible of Core dephosphorylation with a puta-
tive implication for pgRNA encapsidation. In this study, the authors found that HBcAg
is present in pgRNA-containing nucleocapsids which is hypophosphorylated, whereas
HBcAg in empty capsids is hyperphosphorylated [36].



J. Clin. Med. 2022, 11, 1349

50f12

A recent proteomic analysis generated a list of 60 potential partners of Core with the
majority being RNA binding protein family. In particular, SRSF10, an RNA binding protein
involved in host RNA splicing, directly interacts with Core, and is considered an HBV
restriction factor controlling HBV RNA levels [37].

Other host factors have been reported to interact with Core, however, most of them
exhibit antiviral functions. The chaperon protein HSP40 binds to Core and induces its
degradation, thereby affecting HBV replication [38]. Moreover, Core is targeted by the E3
ubiquitin ligase NIRF that controls its amount through the ubiquitin-proteasome path-
way [39]. Lucifora and coworkers described the interaction between HBcAg and the
deaminases APOBEC3A and APOBEC3B. These two deaminases are targeted to cccDNA
by Core and induce the formation of apurinic sites on the HBV minichromosome, followed
by its degradation [40].

3. Capsid Assembly Modulators

The lack of efficient, anti-HBV therapies prompted the scientific community to investi-
gate alternative targets broadly and intensively for the development of new direct antiviral
agents (DAA).

Due to the central role of HBcAg in the HBV life cycle, particular attention has been
paid to the discovery and improvement of capsid assembly modulators (CAMs). Generally,
nucleocapsid assembly is characterized by a slow nucleation rate driven by a weak dimer—
dimer association. Altering the binding strength and rate of core dimers impacts the whole
nucleocapsid assembly. As indicated by the name, the main MoA of CAMs is to impair
nucleocapsid assembly by affecting the kinetics and /or the correct interactions between
core dimers.

3.1. CAM Chemotypes

CAM molecules have been classified into two main families (I and II) depending on
the ability to impair nucleocapsid assembly, whereas each family encompasses several
different chemotypes. Class I includes CAM chemotypes that induce the misassembly
of core dimers giving rise to core aggregates or aberrant capsid structures that do not
incorporate a pgRNA-polymerase complex [19,41]. These structures can be identified
by different methods, notably electron microscopy and gel filtration [42]. The first and
better characterized CAMI compounds were heteroaryldihydropyrimidine (HAP) and
its derivatives [43]. However, more recently, a non-HAP CAMI molecule has been de-
scribed [44]. On the other hand, CAMII molecules are structurally more diverse and
comprise phenyl propenamide derivatives (PPA) [45] sulfamoylbenzamides (BAs and
SBAs) [46], sulfamoylpyrroloamides (SPAs), and glyoxamoylpyrroloxamides (GLPs) [41].
CAMII molecules stabilize dimer-dimer interaction with the consequent increase in speed
of the nucleocapsid assembly kinetic [41,47]. The increasing nucleation speed promotes the
formation of normal nucleocapsid but is devoid of the pgRNA-polymerase complex.

Structural studies show that all CAM molecules bind to a hydrophobic pocket lo-
cated at the core dimerization interface near the C-termini of the core assembly subunits
(Figure 1) [19,47]. Filling this pocket by CAMs causes structural changes in the core dimer
structure that severely impact the correct capsid assembly and, thus block the internaliza-
tion of the pgRNA-polymerase and reverse transcription [19].

3.2. CAM MoA

As a consequence of core dimer functions, CAM treatment strongly affects all steps
of the HBV life cycle (Figure 2). The primary MoA of CAM is to drive the nucleocapsid
misassembly. Depending on the CAM chemotype used during treatment, the result is the
formation of core aggregates, aberrant, or normal nucleocapsids devoid of the pgRNA-
polymerase complex. Thus, CAM compounds directly abrogate viral replication and post-
infection spread. Indeed, all studies involving CAM molecules report a strong reduction of
both intracellular and extracellular HBV DNA. The efficacy of CAM compounds as DAAs
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has been demonstrated in vitro as well as in vivo in humanized mice [43,48,49]. Moreover,
these molecules actively inhibit the viral replication of NUC-resistant HBV mutants [33].
Interestingly, long-term treatment or treatment with higher concentrations of CAMs induce
a strong reduction of viral RNA transcription, HBsAg, and HBeAg secretion, and total
cccDNA in both infected HepaRG cells and primary human hepatocytes (PHH) [50-52].
Moreover, in contrast to NUC treatment, CAM compounds lead to a reduction of secreted
RNA-filled HBV like particles. This class of HBV-like particles is expected to play an
immunomodulation function [53-55], making their reduction of interest when combined
with treatment aiming at restoring an immunological response against HBV.

The second MoA of CAM compounds is to inhibit de novo infection. Specifically, time
of addition studies in PHH show that the CAMs added together with the viral inoculum
strongly reduced cccDNA synthesis with the concomitant reduction of all HBV viral
parameters [52,56].

Structural studies reported that CAMs destabilize already assembled nucleocapsid by
fulfilling the CAM binding pockets [57]. Moreover, in vitro data showed that the addition of
specific HAPs or SBAs can either stabilize or destabilizes the incoming HBV nucleocapsids,
hence, impairing the delivery of rcDNA into the nucleus for cccDNA synthesis [50-52].

Considering the broad spectrum of functions targeted by CAMs, these compounds are
strong candidate drugs against HBV. However, some questions still remain unanswered.
A major point of discussion is the ability of CAMs to activate innate immune detection of
HBYV through pattern recognition receptors (PRR). Indeed, one possibility is that CAMs-
induced destabilization of assembled capsid results in release of the HBV genetic material
into the cytoplasm where it is recognized by PRRs. Moreover, no study addresses the
question whether CAM I-induced core aggregates acquire new biological properties. In
fact, CAMI treatment induces core aggregation and redistribution in the different cellular
compartments where they can potentially interact with others host factors and/or develop
novel functions (e.g., transcriptional regulatory function).

3.3. CAM and HBeAg

The HBV genome also expresses Core-related proteins. Specifically, HBV precore ORF
codes for a 25 KDa protein, precore, that shares with Core the full N-terminal assembly
domain but contains 29 additional amino acids at its N-terminus. Precore protein is further
processed both at its N-terminus and C-terminus resulting in a 17 KDa long protein, the
HBeAg that conserve the full assembly domain and a 10-amino acid leader peptide at its
N-terminus [4,58]. Although HBeAg possesses an intact assembly domain, it does not
form a capsid structure because of the presence of a disulfide bridge between cysteine
7 in the leader peptide and the cysteine 61, resulting in a totally different quaternary
structure [17,59]. HBeAg is secreted as a soluble dimer from hepatocytes. Several studies
shed light on the role of HBeAg in HBV persistence and chronic infection. Indeed, HBeAg is
known to inhibit the innate as well as the adaptative immune response against HBV [60-62].
Moreover, HBeAg negatively impacts therapies aiming at restoring an immunological
response against HBV. Indeed, higher level of HBeAg are negatively correlated with the
treatment response rates to PEG-IFN« [63,64].

Recently, several works reported that treatment with specific CAM molecules also
reduces the HBeAg levels in cellular cultures as well as in mice [50,65]. Specifically, CAM
molecules inhibit HBeAg secretion by impairing the precore post-translational processing
and inducing its nuclear accumulation [65]. Considering the negative impact of HBeAg on
PEG-IFN« treatment, one can speculate that CAM treatment may be helpful to restore the
efficacy of immunological treatments by impairing the secretion of HBeAg.

4. CAM Molecules in Preclinical and Clinical Development

The ultimate objective of chronic HBV treatments is to clear the virus and to reduce
liver diseases, such as cirrhosis, and prevent HCC. The ideal HBV therapy should be able to
definitively eliminate the cccDNA. Currently, neither antiviral drugs nor immunotherapies
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have been developed allowing for such a sterilizing cure. Thereby, the scientific community
agrees that a functional cure is a more realistic target to achieve.

A functional cure is intended to reduce HBV DNA to undetectable levels and to induce
loss of HBsAg, with or without seroconversion, in patients after six months of treatment
discontinuation [66]. The only approved therapies, NUCs or Peg-INF«, can efficiently
control viral replication with HBV DNA decreasing to undetectable levels. However, these
treatments are life long, as their cessation results in viral rebound and does not affect the
HBsAg level. Moreover, NUCs-resistant HBV mutants often appear, thereby making this
treatment ineffective, while Peg-INF« therapy suffers from severe side effects and has a
limited chance of success.

The core protein is relevant for almost every step of the HBV life cycle, hence blocking
core functions with CAM is a promising antiviral strategy (Figure 1). In recent years, several
CAM molecules enter in a preclinical or clinical phase of study (Table 1).

NVR 3-778 is a CAM molecule belonging to the SBA (sulfamoylbenzamide) class that
affects capsid assembly and abrogates pgRNA internalization. Preclinical investigations
have shown its antiviral properties. In vitro and in vivo studies demonstrated that NVR
3-778 efficiently reduces HBV DNA and HBV RNA both in the intracellular compartment
as well as in secreted particles [67,68]. However, its development was stopped because of a
limited efficacy at clinically feasible doses.

ABI-H0731 is a class Il CAM inducing the formation of empty particles. Preclinical
analyses in HBV-infection cellular models assess its direct antiviral properties as blocking
pgRNA internalization and prevention of cccDNA synthesis. [69]. Moreover, ABI-H0731
demonstrates broad bioavailability and Pharmacokinetic (PK) features in animal mod-
els [69]. Phase I clinical evaluation demonstrates its antiviral properties both in HBeAg
positive and HBeAg negative patients with a maximum HBV DNA decline of 2.9 log;g
IU/mL and 2.5 logyg IU/mL, respectively. In HBeAg positive patients, the mean HBV
RNA decline was logjg 2.0 copies/mL, whereas in HBeAg negative patients, the decrease
reached undetectable levels [70]. Only mild adverse effects were observed with no ALT
flares related to the treatment.

RO7049389 is a CAM I family member showing a potent antiviral property in vitro.
Interestingly, RO7049389 treatments causes a strong HBV DNA decrease as well as HBsAg
and HBeAg loss in murine AAV-HBV-based models [71]. Recently, in a double-blind phase
1 study, RO7049389 was tested in chronic HBV patients and demonstrated potent antiviral
activity with a maximum HBV DNA and RNA reduction (3.33 logyo IU/mL and 2.77 log
IU/mL, respectively) in patients following the oral administration of 400 mg of the drug
twice a day [72]. However, no significant changes in HBsAg were registered whereas viral
rebound was observed after the end of treatment. In this study, only mild or moderate
adverse events were observed with the most frequent events being ALT and AST increase
in chronic HBV patients but not in healthy volunteers [72].

JNJ-56136379, a CAM II molecule, accelerates the rate of Core assembly in vitro thus
resulting in the formation of normal nucleocapsids devoid of genetic material. Moreover,
higher concentrations of this CAM II molecule induce a decrease in cccDNA levels in
human primary hepatocytes probably by blocking the recycling of newly synthesized
nucleocapsid [56]. JN]J-56136379 safety and PK profiles were evaluated in healthy volunteers
as well as in chronic HBV patients in a phase I clinical study. The related data show that
this drug is well tolerated with mild to moderate adverse events (AE) and only few cases of
ALT increase were reported [73,74]. Patients receiving JNJ-56136379 treatment show a dose-
dependent reduction of HBV DNA and RNA that falls below a low level of quantification
(LLOQ) in more than half patients receiving the maximum dose [74]. However, JNJ-
56136379 treatment didn't affect HBsAg and HBeAg, whereas viral rebound was observed
after the end of treatment.

GLS4 is a CAM I molecule belonging to the HAP chemofamily. Phase I study re-
ports GLS4 antiviral properties in chronic HBV patients receiving 120 mg or 240 mg
doses, cohort A and B, respectively. The mean declines in level of HBV DNA were —1.42,
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—2.13 logyg copies/mL, respectively, whereas the mean declines in pgRNA were —0.75,
—1.78 logyo copies/mL [75].

Other CAM molecules already in clinical phase development have been discontinued
(Table 1) since they are associated with severe adverse events (AE), such as high ALT
elevation. However, several new compounds showing potent antiviral activity in preclinical
studies entered in the clinical phase investigation.

GLP26, a glyoxamide derivative, is a novel CAM in preclinical development. This
CAM molecule induces the formation of tight, normal nucleocapsid structures [76]. In vitro
(HepAD38 cells and primary human hepatocytes (PHH)) as well as in vivo (mice models for
HBYV infection) studies demonstrated that GLP26 exhibits potent antiviral activity against
HBV (ECsp in the low nanomolar range) [76,77]. Moreover, GLP-26 alters cccDNA levels in
cell culture models whereas a decrease in both HBeAg and HBsAg levels was observed both
in vitro and in vivo. Therapeutic combination of GLP26 with ETV shows even stronger
antiviral effects in humanized mouse models during treatment as well as after the end
of the treatment with viral parameters held at low level or still decreasing 12 weeks after
treatment discontinuation [76,77]. Toxicity studies assessed the safety of GLP26 treatment
alone or in combination with ETV in cardiomyocytes as well as in humanized mice, whereas
PK analyses have shown a good bioavailability (>30 fold the ECs5p) in the blood of monkeys
when the treatment administered by food gavage.

ALG-001075 is a CAM II that shows potent antiviral activity in preclinical studies [78].
ALG-000184 is an ALG-001075 prodrug that is currently in clinical phase I development.
In vitro experiments in HBV-infected primary human hepatocytes demonstrated that ALG-
001075 promotes the reduction of HBV DNA as well as HBV RNA, HBsAg and HBeAg
(when added at the time of infection) with an ECsy in the low nanomolar range [78].
Moreover, ALG-000184, show an efficient PK profile and excellent bioavailability in rats
and dogs. In a clinical phase study, I ALG-000184 shown good safety, and PK and antiviral
properties in CHB subjects [79].

To conclude, all CAM treatments show potent antiviral properties against HBV in
chronic HBV patients, yet several limitations are present. For now, no CAM compound
has been able to trigger a HBsAg decline in patients, and treatment discontinuation is
associated with viral rebound. However, preclinical data clearly demonstrate that several
CAMs can induce HBsAg loss in mice with a humanized liver. It would, therefore, be
interesting to test other treatment conditions in an attempt to reproduce in patients the
HBsAg loss observed in murine models.

Table 1. List of CAMs in clinical or preclinical development with the associated post-treatment viral

parameters in patients.

CAMs Clinical Phase Post-Treatment Reduction of Viral Parameters *
NVR 3-778 (Novira, Janssen Pharmaceutica) Discontinued DNA 1.97 logjo IU/mL, RNA 2.09 log;g copies/mL
ABI-H0731 (Assembly Bioscience) Phase ITIA DNA 2.8 log1o IU/mL, RNA 2.0 log;o copies/mL
RO7049389 (Roche) Phase II DNA 3.3 logjg IU/mL, RNA 2.77 logyp IU/mL
JNJ-56136379 (Janssen) Phase II DNA < LLOQ, RNA < LLOQ
AB-506 (Arbutus) Discontinued NA
ABI-H2158 (Assembly Bioscience) Discontinued NA
ALG-000184 (ALIGOS therapeutics) Phase I DNA 3.8 logjo IU/mL, RNA 1.9 logo IU/mL
GLS4JHS (Jilin University) Phase I/11 DNA 2.13 logyg IU/mL, RNA 1.78 log1g IU/mL
EDP-514 (Enanta) Phase I NA
GLP-26 (Emory University) [77] Preclinical NA
ABI-H3733 (Assembly Bioscience) Phase I NA

NA: data in patients are not yet available; * reported data represent the max reduction obtained.

5. Conclusions

Currently no available therapy can efficiently cure HBV chronic infection by eliminat-
ing cccDNA from infected hepatocytes. Thus, an alternative goal of the new therapeutic
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strategies is to achieve sustained loss of HBsAg for at least six months after the end of the
treatment. In that regard, CAMs represent a promising class of therapeutic compounds.
In CHB patients CAM treatment alone or in combination with other existing antivirals
demonstrate potent antiviral activity against HBV DNA and RNA. Moreover, some CAM
chemotypes induce a sustained loss of HBsAg after treatment discontinuation in cellular
models as well as in mice. However, the therapeutic conditions used in clinical trials do not
allow to observe sustained decline of HBsAg after treatment discontinuation in patients.
In the future, additional therapeutic conditions must be conducted to assess the potential
of CAMs to induce the sustained loss of HBsAg (e.g., in long-term studies). Moreover,
as it is now largely suggested, it is likely that combination therapy with the current anti-
HBYV drugs would be more successful to eventually induce a decline in HBsAg levels and
putatively end with an HBV cure. In this context, combination therapy with CAM and
entry inhibitors, siRNA, immunomodulators, or therapeutic vaccines aiming at restoring
the immune system may be envisaged in the near future to assess the putative synergistic
effect of anti-HBV compounds and eliminate this global health threat.

Author Contributions: Writing—original draft preparation, V.T. and G.L.; writing—review and
editing, D.B.K,, TEB., E.R.V. and Y.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This work of the Interdisciplinary Thematic Institute IMCBio, as part of the ITI 2021-
2028 program of the University of Strasbourg, CNRS and Inserm, was supported by IdEx Unistra
(ANR-10-IDEX-0002), and by SFRI-STRAT'US project (ANR 20-SFRI-0012) and EUR IMCBio (ANR-
17-EURE-0023) under the framework of the French Investments for the Future Program. E.R.V.
acknowledges fundings from Inserm, the Agence Nationale de Recherches sur le Sida et les Hépatites
Virales (ANRS, grant number ECTZ104527), and the French National Research Agency (ANR, grant
number ANR-21-CE15-0035-01 DELTArget). G.L. is the recipient of an ANRS fellowship (ECTZ86820
and ECTZ158023). T.F.B and E.R.V. received funding from Aligos Belgium BV as part of the VLAIO
project CoHeBA (HBC.2020.2454). T.EB acknowledges grant support from the EU (ERC-AdG 2014),
Inserm Plan Cancer and ARC/IHU TheraHCC2.0.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: T.F.B. and E.R.V. received funding from Aligos Belgium BV as part of the VLAIO
project CoHeBA (HBC.2020.2454) with V.T.’s fellowship funded by the grant. Y.D. and D.B.K. are
employees of Aligos Belgium BV.

References

1.

Cooke, G.S.; Andrieux-Meyer, I.; Applegate, T.L.; Atun, R.; Burry, J.R.; Cheinquer, H.; Dusheiko, G.; Feld, ].J.; Gore, C.; Griswold,
M.G.; et al. Accelerating the elimination of viral hepatitis: A Lancet Gastroenterology & Hepatology Commission. Lancet
Gastroenterol. Hepatol. 2019, 4, 135-184. [CrossRef]

Trepo, C.; Chan, H.L.; Lok, A. Hepatitis B virus infection. Lancet 2014, 384, 2053-2063. [CrossRef]

Ligat, G.; Verrier, E.R.; Nassal, M.; Baumert, T.F. Hepatitis B virus-host interactions and novel targets for viral cure. Curr. Opin.
Virol. 2021, 49, 41-51. [CrossRef] [PubMed]

Beck, J.; Nassal, M. Hepatitis B virus replication. World ]. Gastroenterol. 2007, 13, 48—64. [CrossRef]

Verrier, E.R.; Colpitts, C.C.; Bach, C.; Heydmann, L.; Weiss, A.; Renaud, M.; Durand, S.C.; Habersetzer, F.; Durantel, D.; Abou-
Jaoude, G.; et al. A targeted functional RNA interference screen uncovers glypican 5 as an entry factor for hepatitis B and D
viruses. Hepatology 2016, 63, 35-48. [CrossRef] [PubMed]

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, €00049. [CrossRef]

Ni, Y,; Lempp, FA.; Mehrle, S.; Nkongolo, S.; Kaufman, C.; Falth, M.; Stindt, J.; Koniger, 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] [PubMed]

Newbold, J.E.; Xin, H.; Tencza, M.; Sherman, G.; Dean, J.; Bowden, S.; Locarnini, S. The covalently closed duplex form of the
hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes. J. Virol. 1995, 69, 3350-3357.
[CrossRef] [PubMed]


http://doi.org/10.1016/S2468-1253(18)30270-X
http://doi.org/10.1016/S0140-6736(14)60220-8
http://doi.org/10.1016/j.coviro.2021.04.009
http://www.ncbi.nlm.nih.gov/pubmed/34029994
http://doi.org/10.3748/wjg.v13.i1.48
http://doi.org/10.1002/hep.28013
http://www.ncbi.nlm.nih.gov/pubmed/26224662
http://doi.org/10.7554/eLife.00049
http://doi.org/10.1053/j.gastro.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24361467
http://doi.org/10.1128/jvi.69.6.3350-3357.1995
http://www.ncbi.nlm.nih.gov/pubmed/7745682

J. Clin. Med. 2022, 11, 1349 10 of 12

10.
11.

12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nassal, M. The arginine-rich domain of the hepatitis B virus core protein is required for pregenome encapsidation and productive
viral positive-strand DNA synthesis but not for virus assembly. J. Virol. 1992, 66, 4107-4116. [CrossRef] [PubMed]

Seifer, M.; Standring, D.N. Assembly and antigenicity of hepatitis B virus core particles. Intervirology 1995, 38, 47-62. [CrossRef]
Wingfield, P.T.; Stahl, S.J.; Williams, R.W.; Steven, A.C. Hepatitis core antigen produced in Escherichia coli: Subunit composition,
conformational analysis, and in vitro capsid assembly. Biochemistry 1995, 34, 4919-4932. [CrossRef] [PubMed]

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]

Bottcher, B.; Wynne, S.A.; Crowther, R.A. Determination of the fold of the core protein of hepatitis B virus by electron cryomi-
croscopy. Nature 1997, 386, 88-91. [CrossRef]

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] [PubMed]

Selzer, L.; Zlotnick, A. Assembly and Release of Hepatitis B Virus. Cold Spring Harb. Perspect. Med. 2015, 5, a021394. [CrossRef]
Zlotnick, A. Theoretical aspects of virus capsid assembly. . Mol. Recognit. 2005, 18, 479-490. [CrossRef] [PubMed]

Zlotnick, A.; Venkatakrishnan, B.; Tan, Z.; Lewellyn, E.; Turner, W.; Francis, S. Core protein: A pleiotropic keystone in the HBV
lifecycle. Antivir. Res. 2015, 121, 82-93. [CrossRef] [PubMed]

Luo, Y;; Cheng, J.; Hu, Z.; Ban, H.; Wu, S.; Hwang, N.; Kulp, J.; Li, Y.; Du, Y.; Chang, J.; et al. Identification of hepatitis B virus core
protein residues critical for capsid assembly, pgRNA encapsidation and resistance to capsid assembly modulators. Antivir. Res.
2021, 191, 105080. [CrossRef]

Klumpp, K.; Lam, A.M.; Lukacs, C.; Vogel, R.; Ren, S.; Espiritu, C.; Baydo, R.; Atkins, K.; Abendroth, J.; Liao, G.; et al. High-
resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein. Proc. Natl. Acad. Sci. USA
2015, 112, 15196-15201. [CrossRef] [PubMed]

Kann, M.; Bischof, A.; Gerlich, W.H. In vitro model for the nuclear transport of the hepadnavirus genome. J. Virol. 1997, 71,
1310-1316. [CrossRef] [PubMed]

Blondot, M.L.; Bruss, V.; Kann, M. Intracellular transport and egress of hepatitis B virus. ]. Hepatol. 2016, 64, S549-S59. [CrossRef]
[PubMed]

Schmitz, A.; Schwarz, A.; Foss, M.; Zhou, L.; Rabe, B.; Hoellenriegel, ].; Stoeber, M.; Pante, N.; Kann, M. Nucleoporin 153 arrests
the nuclear import of hepatitis B virus capsids in the nuclear basket. PLoS Pathog. 2010, 6, e1000741. [CrossRef] [PubMed]

Li, H.C; Huang, E.Y,; Su, PY.,; Wu, S.Y; Yang, C.C,; Lin, Y.S.; Chang, W.C.; Shih, C. Nuclear export and import of human hepatitis
B virus capsid protein and particles. PLoS Pathog. 2010, 6, €1001162. [CrossRef] [PubMed]

Selzer, L.; Kant, R.; Wang, ].C.Y.; Bothner, B.; Zlotnick, A. Hepatitis B Virus Core Protein Phosphorylation Sites Affect Capsid
Stability and Transient Exposure of the C-terminal Domain. |. Biol. Chem. 2015, 290, 28584. [CrossRef] [PubMed]

Chen, C.; Wang, ].C.; Zlotnick, A. A kinase chaperones hepatitis B virus capsid assembly and captures capsid dynamics in vitro.
PLoS Pathog. 2011, 7, €1002388. [CrossRef]

Lucifora, J.; Pastor, E.,; Charles, E.; Pons, C.; Auclair, H.; Fusil, F,; Rivoire, M.; Cosset, F.L.; Durantel, D.; Salvetti, A. Evidence for
long-term association of virion-delivered HBV core protein with cccDNA independently of viral protein production. JHEP Rep.
2021, 3, 100330. [CrossRef] [PubMed]

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

Bock, C.T.; Schwinn, S.; Locarnini, S.; Fyfe, J.; Manns, M.P;; Trautwein, C.; Zentgraf, H. Structural organization of the hepatitis B
virus minichromosome. J. Mol. Biol. 2001, 307, 183-196. [CrossRef]

Chong, C.K,; Cheng, C.Y.S; Tsoi, S.Y.J.; Huang, EY,; Liu, F; Seto, W.K,; Lai, C.L.; Yuen, M.E.; Wong, D.K. Role of hepatitis B core
protein in HBV transcription and recruitment of histone acetyltransferases to cccDNA minichromosome. Antivir. Res. 2017, 144,
1-7. [CrossRef] [PubMed]

Lewellyn, E.B.; Loeb, D.D. The arginine clusters of the carboxy-terminal domain of the core protein of hepatitis B virus make
pleiotropic contributions to genome replication. J. Virol. 2011, 85, 1298-1309. [CrossRef] [PubMed]

Zlotnick, A.; Cheng, N.; Stahl, S.J.; Conway, J.E,; Steven, A.C.; Wingfield, P.T. Localization of the C terminus of the assembly
domain of hepatitis B virus capsid protein: Implications for morphogenesis and organization of encapsidated RNA. Proc. Natl.
Acad. Sci. USA 1997, 94, 9556-9561. [CrossRef]

Chu, T.H.; Liou, A.T; Su, P.Y.; Wu, H.N.; Shih, C. Nucleic acid chaperone activity associated with the arginine-rich domain of
human hepatitis B virus core protein. J. Virol. 2014, 88, 2530-2543. [CrossRef]

Diab, A.; Foca, A.; Zoulim, E; 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]
Shim, H.Y.; Quan, X; Yi, Y.S.; Jung, G. Heat shock protein 90 facilitates formation of the HBV capsid via interacting with the HBV
core protein dimers. Virology 2011, 410, 161-169. [CrossRef] [PubMed]

Yang, C.C.; Huang, E.Y,; Li, H.C.; Su, PY,; Shih, C. Nuclear export of human hepatitis B virus core protein and pregenomic RNA
depends on the cellular NXF1-p15 machinery. PLoS ONE 2014, 9, e106683. [CrossRef]

Hu, Z.; Ban, H.; Zheng, H.; Liu, M.; Chang, ].; Guo, ].T. Protein phosphatase 1 catalyzes HBV core protein dephosphorylation and
is co-packaged with viral pregenomic RNA into nucleocapsids. PLoS Pathog. 2020, 16, e1008669. [CrossRef] [PubMed]


http://doi.org/10.1128/jvi.66.7.4107-4116.1992
http://www.ncbi.nlm.nih.gov/pubmed/1602535
http://doi.org/10.1159/000150414
http://doi.org/10.1021/bi00015a003
http://www.ncbi.nlm.nih.gov/pubmed/7711014
http://doi.org/10.1016/S1097-2765(01)80009-5
http://doi.org/10.1038/386088a0
http://doi.org/10.1038/386091a0
http://www.ncbi.nlm.nih.gov/pubmed/9052787
http://doi.org/10.1101/cshperspect.a021394
http://doi.org/10.1002/jmr.754
http://www.ncbi.nlm.nih.gov/pubmed/16193532
http://doi.org/10.1016/j.antiviral.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26129969
http://doi.org/10.1016/j.antiviral.2021.105080
http://doi.org/10.1073/pnas.1513803112
http://www.ncbi.nlm.nih.gov/pubmed/26598693
http://doi.org/10.1128/jvi.71.2.1310-1316.1997
http://www.ncbi.nlm.nih.gov/pubmed/8995655
http://doi.org/10.1016/j.jhep.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/27084037
http://doi.org/10.1371/journal.ppat.1000741
http://www.ncbi.nlm.nih.gov/pubmed/20126445
http://doi.org/10.1371/journal.ppat.1001162
http://www.ncbi.nlm.nih.gov/pubmed/21060813
http://doi.org/10.1074/jbc.M115.678441
http://www.ncbi.nlm.nih.gov/pubmed/26405031
http://doi.org/10.1371/journal.ppat.1002388
http://doi.org/10.1016/j.jhepr.2021.100330
http://www.ncbi.nlm.nih.gov/pubmed/34409278
http://doi.org/10.4161/epi.6.6.15815
http://www.ncbi.nlm.nih.gov/pubmed/21546797
http://doi.org/10.1006/jmbi.2000.4481
http://doi.org/10.1016/j.antiviral.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28499864
http://doi.org/10.1128/JVI.01957-10
http://www.ncbi.nlm.nih.gov/pubmed/21084467
http://doi.org/10.1073/pnas.94.18.9556
http://doi.org/10.1128/JVI.03235-13
http://doi.org/10.1016/j.antiviral.2017.11.015
http://doi.org/10.1016/j.virol.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21126747
http://doi.org/10.1371/journal.pone.0106683
http://doi.org/10.1371/journal.ppat.1008669
http://www.ncbi.nlm.nih.gov/pubmed/32702076

J. Clin. Med. 2022, 11, 1349 11 0f12

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Chabrolles, H.; Auclair, H.; Vegna, S.; Lahlali, T.; Pons, C.; Michelet, M.; Coute, Y.; Belmudes, L.; Chadeuf, G.; Kim, Y,; et al.
Hepatitis B virus Core protein nuclear interactome identifies SRSF10 as a host RNA-binding protein restricting HBV RNA
production. PLoS Pathog. 2020, 16, e1008593. [CrossRef] [PubMed]

Sohn, S.Y.; Kim, S.B.; Kim, J.; Ahn, B.Y. Negative regulation of hepatitis B virus replication by cellular Hsp40/DnaJ proteins
through destabilization of viral core and X proteins. J. Gen. Virol. 2006, 87, 1883-1891. [CrossRef] [PubMed]

Qian, G; Jin, F; Chang, L.; Yang, Y.; Peng, H.; Duan, C. NIRE a novel ubiquitin ligase, interacts with hepatitis B virus core protein
and promotes its degradation. Biotechnol. Lett. 2012, 34, 29-36. [CrossRef] [PubMed]

Lucifora, J.; Xia, Y.; Reisinger, E; Zhang, K.; Stadler, D.; Cheng, X.; Sprinzl, M.E,; Koppensteiner, H.; Makowska, Z.; Volz, T.; et al.
Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA. Science 2014, 343, 1221-1228. [CrossRef]
Nijampatnam, B.; Liotta, D.C. Recent advances in the development of HBV capsid assembly modulators. Curr. Opin. Chem. Biol.
2019, 50, 73-79. [CrossRef] [PubMed]

Stray, S.J.; Zlotnick, A. BAY 41-4109 has multiple effects on Hepatitis B virus capsid assembly. J. Mol. Recognit. 2006, 19, 542-548.
[CrossRef] [PubMed]

Deres, K.; Schroder, C.H.; Paessens, A.; Goldmann, S.; Hacker, H.]J.; Weber, O.; Kramer, T.; Niewohner, U.; Pleiss, U.; Stoltefuss, J.;
et al. Inhibition of hepatitis B virus replication by drug-induced depletion of nucleocapsids. Science 2003, 299, 893-896. [CrossRef]
Debing, Y.; Buh Kum, D.; Sanchez, A.A.; Vanrusselt, H.; Liu, C.; Deval, J.; Stoycheva, A.; Zhang, Q.; Mukherjee, S.; Misner, D.;
et al. ALG-005398 Is a Potent Non-HAP Class I HBV Capsid Assembly Modulator that Strongly Reduces HBsAg Levels In Vivo.
Hepatology 2021, 74, 502A-503A.

Delaney, WE.t.; Edwards, R.; Colledge, D.; Shaw, T.; Furman, P; Painter, G.; Locarnini, S. Phenylpropenamide derivatives AT-61
and AT-130 inhibit replication of wild-type and lamivudine-resistant strains of hepatitis B virus in vitro. Antimicrob. Agents
Chemother. 2002, 46, 3057-3060. [CrossRef] [PubMed]

Lee, YH.; Cha, HM.; Hwang, J.Y,; Park, S.Y.; Vishakantegowda, A.G.; Imran, A.; Lee, ].Y;; Yi, Y.S,; Jun, S.;; Kim, G.H.; et al.
Sulfamoylbenzamide-based Capsid Assembly Modulators for Selective Inhibition of Hepatitis B Viral Replication. ACS Med.
Chem. Lett. 2021, 12, 242-248. [CrossRef] [PubMed]

Katen, S.P; Tan, Z.; Chirapu, S.R.; Finn, M.G.; Zlotnick, A. Assembly-directed antivirals differentially bind quasiequivalent
pockets to modify hepatitis B virus capsid tertiary and quaternary structure. Structure 2013, 21, 1406-1416. [CrossRef]

Weber, O.; Schlemmer, K.H.; Hartmann, E.; Hagelschuer, I.; Paessens, A.; Graef, E.; Deres, K.; Goldmann, S.; Niewoehner, U.;
Stoltefuss, J.; et al. Inhibition of human hepatitis B virus (HBV) by a novel non-nucleosidic compound in a transgenic mouse
model. Antivir. Res. 2002, 54, 69-78. [CrossRef]

Brezillon, N.; Brunelle, M.N.; Massinet, H.; Giang, E.; Lamant, C.; DaSilva, L.; Berissi, S.; Belghiti, J.; Hannoun, L.; Puerstinger,
G.; et al. Antiviral activity of Bay 41-4109 on hepatitis B virus in humanized Alb-uPA /SCID mice. PLoS ONE 2011, 6, e25096.
[CrossRef] [PubMed]

Lahlali, T.; Berke, ].M.; Vergauwen, K.; Foca, A.; Vandyck, K.; Pauwels, F.; Zoulim, F.; Durantel, D. Novel Potent Capsid Assembly
Modulators Regulate Multiple Steps of the Hepatitis B Virus Life Cycle. Antimicrob. Agents Chemother. 2018, 62, e00835-18.
[CrossRef]

Berke, ].M.; Dehertogh, P.; Vergauwen, K.; Van Damme, E.; Mostmans, W.; Vandyck, K.; Pauwels, F. Capsid Assembly Modulators
Have a Dual Mechanism of Action in Primary Human Hepatocytes Infected with Hepatitis B Virus. Antimicrob. Agents Chemother.
2017, 61, e00560-17. [CrossRef] [PubMed]

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
Pathog. 2017, 13, e1006658. [CrossRef]

Wang, J.; Sheng, Q.; Ding, Y.; Chen, R.; Sun, X.; Chen, X.; Dou, X.; Lu, E. HBV RNA virion-like particles produced under
nucleos(t)ide analogues treatment are mainly replication-deficient. J. Hepatol. 2018, 68, 847-849. [CrossRef] [PubMed]

Jansen, L.; Kootstra, N.A.; van Dort, K.A.; Takkenberg, R.B.; Reesink, H.W.; Zaaijer, H.L. Hepatitis B Virus Pregenomic RNA Is
Present in Virions in Plasma and Is Associated With a Response to Pegylated Interferon Alfa-2a and Nucleos(t)ide Analogues. J.
Infect. Dis. 2016, 213, 224-232. [CrossRef] [PubMed]

Wang, J.; Shen, T.; Huang, X.; Kumar, G.R.; Chen, X.; Zeng, Z.; Zhang, R.; Chen, R.; Li, T.; Zhang, T.; et al. Serum hepatitis B virus
RNA is encapsidated pregenome RNA that may be associated with persistence of viral infection and rebound. J. Hepatol. 2016, 65,
700-710. [CrossRef] [PubMed]

Berke, ].M.; Dehertogh, P.; Vergauwen, K.; Mostmans, W.; Vandyck, K.; Raboisson, P.; Pauwels, F. Antiviral Properties and
Mechanism of Action Studies of the Hepatitis B Virus Capsid Assembly Modulator JNJ-56136379. Antimicrob. Agents Chemother.
2020, 64, €02439-19. [CrossRef] [PubMed]

Schlicksup, C.J.; Wang, ].C.; Francis, S.; Venkatakrishnan, B.; Turner, W.W.; VanNieuwenhze, M.; Zlotnick, A. Hepatitis B virus
core protein allosteric modulators can distort and disrupt intact capsids. Elife 2018, 7, e31473. [CrossRef] [PubMed]

Ito, K.; Kim, K.-H.; Lok, A.S.-F,; Tong, S. Characterization of genotype-specific carboxyl-terminal cleavage sites of hepatitis B
virus e antigen precursor and identification of furin as the candidate enzyme. J. Virol. 2009, 83, 3507-3517. [CrossRef] [PubMed]
DiMattia, M.A.; Watts, N.R.; Stahl, S.J.; Grimes, ].M.; Steven, A.C.; Stuart, D.I.; Wingfield, P.T. Antigenic switching of hepatitis B
virus by alternative dimerization of the capsid protein. Structure 2013, 21, 133-142. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.ppat.1008593
http://www.ncbi.nlm.nih.gov/pubmed/33180834
http://doi.org/10.1099/vir.0.81684-0
http://www.ncbi.nlm.nih.gov/pubmed/16760390
http://doi.org/10.1007/s10529-011-0751-0
http://www.ncbi.nlm.nih.gov/pubmed/22072112
http://doi.org/10.1126/science.1243462
http://doi.org/10.1016/j.cbpa.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30952041
http://doi.org/10.1002/jmr.801
http://www.ncbi.nlm.nih.gov/pubmed/17006877
http://doi.org/10.1126/science.1077215
http://doi.org/10.1128/AAC.46.9.3057-3060.2002
http://www.ncbi.nlm.nih.gov/pubmed/12183271
http://doi.org/10.1021/acsmedchemlett.0c00606
http://www.ncbi.nlm.nih.gov/pubmed/33603970
http://doi.org/10.1016/j.str.2013.06.013
http://doi.org/10.1016/S0166-3542(01)00216-9
http://doi.org/10.1371/journal.pone.0025096
http://www.ncbi.nlm.nih.gov/pubmed/22162746
http://doi.org/10.1128/AAC.00835-18
http://doi.org/10.1128/AAC.00560-17
http://www.ncbi.nlm.nih.gov/pubmed/28584155
http://doi.org/10.1371/journal.ppat.1006658
http://doi.org/10.1016/j.jhep.2017.10.030
http://www.ncbi.nlm.nih.gov/pubmed/29113914
http://doi.org/10.1093/infdis/jiv397
http://www.ncbi.nlm.nih.gov/pubmed/26216905
http://doi.org/10.1016/j.jhep.2016.05.029
http://www.ncbi.nlm.nih.gov/pubmed/27245431
http://doi.org/10.1128/AAC.02439-19
http://www.ncbi.nlm.nih.gov/pubmed/32094138
http://doi.org/10.7554/eLife.31473
http://www.ncbi.nlm.nih.gov/pubmed/29377794
http://doi.org/10.1128/JVI.02348-08
http://www.ncbi.nlm.nih.gov/pubmed/19193799
http://doi.org/10.1016/j.str.2012.10.017
http://www.ncbi.nlm.nih.gov/pubmed/23219881

J. Clin. Med. 2022, 11, 1349 12 0of 12

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Jegaskanda, S.; Ahn, S.H.; Skinner, N.; Thompson, A.].; Ngyuen, T.; Holmes, J.; De Rose, R.; Navis, M.; Winnall, W.R.; Kramski,
M.; et al. Downregulation of interleukin-18-mediated cell signaling and interferon gamma expression by the hepatitis B virus e
antigen. J. Virol. 2014, 88, 10412-10420. [CrossRef] [PubMed]

Lang, T.; Lo, C.; Skinner, N.; Locarnini, S.; Visvanathan, K.; Mansell, A. The hepatitis B e antigen (HBeAg) targets and suppresses
activation of the toll-like receptor signaling pathway. J. Hepatol. 2011, 55, 762-769. [CrossRef]

Chen, M.T,; Billaud, J.N.; Sallberg, M.; Guidotti, L.G.; Chisari, EV,; Jones, ].; Hughes, ].; Milich, D.R. A function of the hepatitis B
virus precore protein is to regulate the immune response to the core antigen. Proc. Natl. Acad. Sci. USA 2004, 101, 14913-14918.
[CrossRef] [PubMed]

Fried, M.W.; Piratvisuth, T.; Lau, G.K.; Marcellin, P.; Chow, W.C.; Cooksley, G.; Luo, K.X.; Paik, S.W.; Liaw, Y.F; Button, P.; et al.
HBeAg and hepatitis B virus DNA as outcome predictors during therapy with peginterferon alfa-2a for HBeAg-positive chronic
hepatitis B. Hepatology 2008, 47, 428-434. [CrossRef] [PubMed]

Mitra, B.; Wang, J.; Kim, E.S.; Mao, R.; Dong, M.; Liu, Y.; Zhang, ].; Guo, H. Hepatitis B Virus Precore Protein p22 Inhibits Alpha
Interferon Signaling by Blocking STAT Nuclear Translocation. J. Virol. 2019, 93, €00196-19. [CrossRef] [PubMed]

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

Cornberg, M.; Lok, A.S.; Terrault, N.A.; Zoulim, F,; Faculty, E.-A.H.T.E.C. Guidance for design and endpoints of clinical trials in
chronic hepatitis B—Report from the 2019 EASL-AASLD HBV Treatment Endpoints Conference. Hepatology 2019, 71, 1070-1092.
[CrossRef] [PubMed]

Klumpp, K.; Shimada, T.; Allweiss, L.; Volz, T.; Lutgehetmann, M.; Hartman, G.; Flores, O.A.; Lam, A.M.; Dandri, M. Efficacy of
NVR 3-778, Alone and In Combination With Pegylated Interferon, vs Entecavir In uPA /SCID Mice With Humanized Livers and
HBV Infection. Gastroenterology 2018, 154, 652-662.e658. [CrossRef] [PubMed]

Lam, A.M,; Espiritu, C.; Vogel, R; Ren, S.; Lau, V,; Kelly, M.; Kuduk, S.D.; Hartman, G.D.; Flores, O.A.; Klumpp, K. Preclinical
Characterization of NVR 3-778, a First-in-Class Capsid Assembly Modulator against Hepatitis B Virus. Antimicrob. Agents
Chemother. 2019, 63, €01734-18. [CrossRef] [PubMed]

Huang, Q.; Cai, D.; Yan, R,; Li, L.; Zong, Y.; Guo, L.; Mercier, A.; Zhou, Y.; Tang, A.; Henne, K.; et al. Preclinical Profile and
Characterization of the Hepatitis B Virus Core Protein Inhibitor ABI-H0731. Antimicrob. Agents Chemother. 2020, 64, e01463-20.
[CrossRef] [PubMed]

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]

Zhou, X.; Zhou, Y; Tian, X.; Shen, F; Yang, G.; Zhu, W.; Ottaviani, G.; Xie, J.; Shen, H.; Young, J.; et al. In vitro and in vivo
antiviral characterization of RO7049389, a novel small molecule capsid assembly modulator for the treatment of chronic hepatitis
B. J. Hepatol. 2018, 68, S770. [CrossRef]

Yuen, ML.E,; Zhou, X.; Gane, E.; Schwabe, C.; Tanwandee, T.; Feng, S.; Jin, Y.; Triyatni, M.; Lemenuel-Diot, A.; Cosson, V.; et al.
Safety, pharmacokinetics, and antiviral activity of RO7049389, a core protein allosteric modulator, in patients with chronic
hepatitis B virus infection: A multicentre, randomised, placebo-controlled, phase 1 trial. Lancet Gastroenterol. Hepatol. 2021, 6,
723-732. [CrossRef]

Vandenbossche, J.; Jessner, W.; van den Boer, M.; Biewenga, ].; Berke, ] M.; Talloen, W.; De Zwart, L.; Snoeys, J.; Yogaratnam, J.
Pharmacokinetics, Safety and Tolerability of JNJ-56136379, a Novel Hepatitis B Virus Capsid Assembly Modulator, in Healthy
Subjects. Adv. Ther. 2019, 36, 2450-2462. [CrossRef]

Zoulim, F; Lenz, O.; Vandenbossche, J.J.; Talloen, W.; Verbinnen, T.; Moscalu, L; Streinu-Cercel, A.; Bourgeois, S.; Buti, M.; Crespo,
J.; etal. 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.€529. [CrossRef]

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. 2021, 73, 175-182. [CrossRef]

Amblard, F; Boucle, S.; Bassit, L.; Cox, B.; Sari, O.; Tao, S.; Chen, Z.; Ozturk, T.; Verma, K.; Russell, O.; et al. Novel Hepatitis B
Virus Capsid Assembly Modulator Induces Potent Antiviral Responses In Vitro and in Humanized Mice. Antimicrob. Agents
Chemother. 2020, 64, €01701-19. [CrossRef] [PubMed]

Hurwitz, S.J.; McBrearty, N.; Arzumanyan, A.; Bichenkov, E.; Tao, S.; Bassit, L.; Chen, Z.; Kohler, ].J.; Amblard, E,; Feitelson, M.A;
et al. Studies on the Efficacy, Potential Cardiotoxicity and Monkey Pharmacokinetics of GLP-26 as a Potent Hepatitis B Virus
Capsid Assembly Modulator. Viruses 2021, 13, 114. [CrossRef] [PubMed]

Zhang, Q.; Jekle, A.; Serebryany, V.; Welch, M.; Liu, J.; Vendeville, S.; Debing, Y.; Kum, D.B.; Ren, S.; Liu, C.; et al. Best-In-Class
Preclinical Characteristics of Alg-000184, A Prodrug of The Capsid Assembly Modulator Alg-001075 for the Treatment of Chronic
Hepatitis B. Hepatology 2020, 72, 503A. [CrossRef]

Gane, EJ.; Yuen, M.; Jucov, A.; Le, K.; Westland, C.; Schwabe, C.; Agarwal, K.; Zhang, Q.L.; Blatt, L.M.; Chanda, S.; et al. Safety,
Pharmacokinetics (PK), and Antiviral Activity of the Capsid Assembly Modulator (CAM) ALG-000184 in Subjects with Chronic
Hepatitis B (CHB). Hepatology 2021, 74, 516 A-517A.


http://doi.org/10.1128/JVI.00111-14
http://www.ncbi.nlm.nih.gov/pubmed/24872585
http://doi.org/10.1016/j.jhep.2010.12.042
http://doi.org/10.1073/pnas.0406282101
http://www.ncbi.nlm.nih.gov/pubmed/15469922
http://doi.org/10.1002/hep.22065
http://www.ncbi.nlm.nih.gov/pubmed/18220290
http://doi.org/10.1128/JVI.00196-19
http://www.ncbi.nlm.nih.gov/pubmed/31019054
http://doi.org/10.1002/hep.30514
http://doi.org/10.1002/hep.31030
http://www.ncbi.nlm.nih.gov/pubmed/31713892
http://doi.org/10.1053/j.gastro.2017.10.017
http://www.ncbi.nlm.nih.gov/pubmed/29079518
http://doi.org/10.1128/AAC.01734-18
http://www.ncbi.nlm.nih.gov/pubmed/30373799
http://doi.org/10.1128/AAC.01463-20
http://www.ncbi.nlm.nih.gov/pubmed/32868329
http://doi.org/10.1016/S2468-1253(19)30346-2
http://doi.org/10.1016/S0168-8278(18)31805-1
http://doi.org/10.1016/S2468-1253(21)00176-X
http://doi.org/10.1007/s12325-019-01017-1
http://doi.org/10.1053/j.gastro.2020.04.036
http://doi.org/10.1093/cid/ciaa961
http://doi.org/10.1128/AAC.01701-19
http://www.ncbi.nlm.nih.gov/pubmed/31712213
http://doi.org/10.3390/v13010114
http://www.ncbi.nlm.nih.gov/pubmed/33467678
http://doi.org/10.1016/S0168-8278(20)32200-5

	Introduction 
	HBV Core Protein: A Multifunctional Protein Essential for HBV Life Cycle 
	Core Protein Is the Building Block of HBV Nucleocapsid 
	Core Is Essential for the HBV Life Cycle 
	Core Interacts with Host Factors for Its Functions 

	Capsid Assembly Modulators 
	CAM Chemotypes 
	CAM MoA 
	CAM and HBeAg 

	CAM Molecules in Preclinical and Clinical Development 
	Conclusions 
	References

