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a b s t r a c t

Despite the improving coverage of preventative vaccines, hepatitis B remains a severe global public health

problem, with more than 250 million patients living with hepatitis B virus (HBV) infection. Current avail-

able therapies, including nucleos(t)ide analogs and peginterferon, can control HBV replication but fail to

eliminate covalently closed circular DNA (cccDNA) and achieve a cure. The HBV core protein (Cp) is a

well-conserved structural protein, self-assembling to form the viral capsid. It involves in or modulates

almost every stage of the HBV lifecycle, which makes it an attractive target for the development of new

anti-HBV therapies. HBV core protein allosteric modulators (CpAMs) have become a hotspot in recent

years. Herein, we provide a concise report focusing on the various medicinal chemistry strategies involved

in the latest research (2018–2022) of HBV CpAMs, including high throughput screening (HTS), virtual

screening (VS), drug repositioning, natural products, substitution decorating approach, scaffold hopping,

molecular hybridization, prodrug strategy and conformational constraint strategy, to provide guidance for

further development of new and effective anti-HBV drugs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Hepatitis B virus (HBV), a significant cause of viral hepati-

tis in humans, belongs to the Hepadnaviridae family and has a

double-stranded relaxed circular DNA (rcDNA) [1]. Globally, an es-

timated 257 million people are living with HBV infection despite

the improving coverage of preventative vaccines [2]. Those chron-

ically infected patients are more likely to progress to cirrhosis or

even hepatocellular carcinoma, a leading cause of cancer-related

death worldwide [3,4]. HBV infection remains a severe global pub-

lic health problem.

Current therapeutic options, including nucleos(t)ide analogs

(NAs) and peginterferon (PEG-IFN), can efficaciously suppress HBV

replication, thus delaying the progression of liver diseases [5,6].

Nonetheless, these two available treatment modalities still suffer

various limitations and rarely eventually achieve a cure or a func-
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tional cure. Long-term NA treatment leads to the emergence of

drug-resistant HBV variants [7]. When it comes to interferon-based

treatment, it has only a modest response rate, requires subcuta-

neous injection, close monitoring of treatment, high costs, and usu-

ally causes serious side effects [8]. Both NAs and PEG-IFN fail to

eliminate covalently closed circular DNA (cccDNA) and integrated

HBV DNA, which are the main culprits in viral persistence [9,10].

Therefore, it is imperative to develop safe and effective direct an-

tiviral agents (DAAs) that can induce the loss or inactivation of cc-

cDNA and achieve a functional cure or a cure [11].

The discovery of novel small-molecule DAAs for different anti-

HBV targets holds the promise of improving the effectiveness of

existing treatments and avoiding or mitigating adverse effects. The

HBV core protein (Cp), a well-conserved 183-residue protein, is an

excellent target for antiviral agents (Fig. 1A) [12]. The N-terminal

domain (NTD) consisting of the first 140 residues, acts as the as-

sembly domain, which alone can self-assemble into empty cap-

sids in vitro [13]. This domain comprises 5 α-helices connected by

loops. The C-terminal domain (CTD), which is considered as nucleic

acid chaperone, includes the last 34 residues and is rich in ser-

ines and arginines [14,15]. Phosphorylation and dephosphorylation
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Fig. 1. (A) Domain structure of core protein and structural motifs at C-terminal do-

main. (B) A schematic of the HBV capsid assembly process. The crystal structures of

HBV core protein monomer, dimer (PDB code: 1QGT), hexamer (PDB code: 5WRE)

and capsid (PDB code: 7OD4) were generated in PyMOL (www.pymol.org).

in this domain were found to be associated with the specific pack-

aging of pgRNA, intracellular transport of HBV Cps, capsid matu-

ration, envelopment and secretion. Newly translated Cps firstly as-

semble into homodimers, among which three dimers interact with

HBV pregenomic RNA (pgRNA) and polymerase to form a precursor

hexamer (Fig. 1B) [16]. Subsequently, Cp dimers are rapidly added

to this hexamer one at a time and eventually assemble into an in-

tact capsid. The mature capsid is an icosahedral structure mostly

formed by 120 dimers through hydrophobic interactions [17]. It in-

volves in or modulates almost every stage of the HBV lifecycle, in-

cluding the endocytosis of virion, nuclear trafficking, synthesis of

cccDNA, reverse transcription, pgRNA packaging, recycling of the

capsid, and the formation of mature virus particles (Fig. S1 in Sup-

porting information), which makes it an attractive target [18]. The

core protein allosteric modulators (CpAMs) can acutely impact the

correct capsid assembly, thereby suppressing HBV replication. In-

terestingly, various CpAMs have also been demonstrated to inhibit

the de novo synthesis of cccDNA when they were present during

the early stages of the HBV replication cycle, though the already

established cccDNA in cells could not be influenced [19–22].

According to chemical structures, CpAMs can be divided into

derivatives of heteroaryldihydropyrimidine (HAP), sulfamoylben-

zamide (SBA), sulfamoylpyrroloamide (SPA), phenylpropenamide

(PPA), benzamide (BA), pyridazinone and various other scaffolds

[23]. They are grouped into two classes (I and II) depending on the

mode of action (MoA) to interfere with capsid assembly [24,25].

Class I molecules, including HAPs, lead to the formation of aber-

rant capsids or large aggregates of Cp, which are ultimately de-

graded within cells; whereas class II molecules, such as SBAs and

BAs, induce the formation of morphologically normal but pgRNA-

free empty capsids. All CpAMs reported so far bind to the same

hydrophobic pocket located at the dimer-dimer interface near the

C-termini of the core assembly subunits [26–29]. In recent years,

several CpAMs enter clinical trials (Table S1 in Supporting infor-

mation). However, in spite of such successes, there are no ap-

proved CpAM-type drugs for the treatment of HBV infection to

date, mainly due to adverse events (AEs) or insufficient efficacy

when used alone [29]. Broadly speaking, compounds targeting cap-

sid have also experienced high attrition rates in clinical trials, for

example, in the field of anti-HIV drugs, although HIV capsid mod-

ulators have been studied for more than 20 years, it was only last

year that the first drug came to market [30–33]. Therefore, itera-

tive optimization of existing compounds and development of new

skeletons are still essential.

Innovation of therapeutic drug entities and development of

unconventional drug discovery technologies were two aspects of

seeking HBV CpAMs. Consequently, in this paper, the latest re-

search progress (2018–2022) of HBV CpAMs is reviewed from the

perspective of medicinal chemistry strategies to guide further de-

velopment of new and effective anti-HBV drugs.

2. Medicinal chemistry strategies in the recent discovery and

optimization of HBV core protein allosteric modulators

2.1. Leads compound discovery

Over the last few years, new technological and scientific de-

velopments have been revolutionizing the drug discovery process.

High-throughput (phenotypic) screening, virtual screening of com-

pound libraries (synthetic or natural compounds), and drug repo-

sitioning are currently the main technologies used to identify new

HBV CpAMs hit compounds.

2.1.1. High-throughput screening

Supported by information management software, high-

throughput screening (HTS) automates the experimental operation,

data acquisition, and analytical processing. Using HTS method,

trace amount, high speed, and high screening volume can be

achieved for the analysis of substantial biochemical substances

in drug discovery [34]. It is widely employed to search for lead

compounds, as exemplified by the recent discovery of HBV CpAMs.

In 2019, HTS of a commercial drug-like chemical library con-

ducted by Pan et al. obtained a hit compound 1 (Fig. 2A) with

high potency and low cytotoxicity (EC50 =6.15μmol/L, CC50 >

500μmol/L) [35]. Preliminary structure–activity relationship (SAR)

studies showed that chlorine-substituted benzene derivatives were

more active than fluorine and bromine, represented by compound

2. By referring to the successful HAP structure of NVR-010-001-

E2, compound 3 with α-bromide-naphthalene moiety as the third

hydrophobic group was then disclosed and displayed better in-

hibitory activity (EC50 =2.27μmol/L). The α-bromide-naphthalene

group appeared to bind with the hydrophobic cavity of the capsid

that was occupied by the halogenated benzene of NVR-010-001-E2.

Subsequent structural modifications of compound 3 led to the dis-

covery of 4 with an EC50 value of 1.45 μmol/L. To further optimize

4, sulfonamide series were tested and compound 5 featured by a

quinoline group was obtained. 5 inhibited HBV replication both in

vitro (EC50 =0.18μmol/L, CC50 > 50μmol/L) and in vivo with no ob-

vious acute toxicity, which made it attractive to be exploited in

future drug development. However, it should not be ignored that

5 had a too high logP value for acceptable drug metabolism and

pharmacokinetics (DMPK) properties (clogP=9.06).

In the same year, Huber et al. proposed a thermal shift-

based HTS method for CpAM discovery and characterization [36].

Prompted by this innovative method, compound 6 (HF9C6) (Fig.

2B) with a benzamide scaffold was obtained and chosen for further

studies as it showed the highest potency to inhibit HBV replication

and low cytotoxicity in HepAD38 cells (EC50 =3.6 μmol/L, CC50 >

300μmol/L). Remarkably, a panel of mutants showed complemen-

tary resistance profiles between Bay 38-7690 and 6, which high-

lighted the possibility of combination therapies of multiple CpAMs.

Another novel benzamide derivative 7 (BA-53038B) was also iden-

tified by HTS [37]. Compound 7 induced the formation of morpho-

logically normal empty capsids with decreased electrophoresis mo-

bility, while other class II CpAMs examined so far with increased

electrophoresis mobility, indicating that 7 exerted its effect in a

distinct manner. Additionally, Pei et al. developed a simple and ef-

fective HTS assay using a HepAD38 luciferase reporter cell line and

2
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Fig. 2. (A) HTS and SAR exploration in the development of 5; (B) The chemical structures of compounds 6–10 identified by HTS.

obtained another two novel benzamide derivatives, 8 and 9 [38].

Mechanistic studies confirmed that they accelerated the formation

of morphologically normal empty capsids, hence both were class II

CpAMs.

In 2021, Yamasaki et al. screened an in-house compound library

using the HBV103-AdV system [39]. Compound 10 (ANPH) was se-

lected for further characterization since its highest activity and low

cytotoxicity (EC50 =1.06 μmol/L, CC50 > 100μmol/L). Mechanistic

studies revealed that 10 was a class II CpAM.

2.1.2. Virtual screening

High-throughput screening of large libraries of compounds is a

time-consuming and expensive process. With the rapid develop-

ment of computational chemistry and molecular simulation, vir-

tual screening enables realistic in vitro operations to be converted

to virtual in silico computing. Although virtual screening is impos-

sible to replace true in vitro pharmacological screening, it has an

irreplaceable role in accelerating new drug discovery and guiding

rational drug design [40]. Strategy of virtual screening has boosted

the discovery of new skeletons CpAMs in recent years.

For instance, in 2019, Toyama et al. reported a pyrimidotriazine

derivative 11 (Fig. S2 in Supporting information) through in sil-

ico screening [41]. Using substitution decorating approach, com-

pound 12 was synthesized and displayed higher anti-HBV activity

(EC50 =5.8 μmol/L, CC50 > 100μmol/L). Compound 12 was proven

to be a potential class I CpAMs using a cell-free capsid assembly

system.

In 2021, Senaweera et al. conducted structure-based virtual

screening against a small molecule protein-protein interaction

(PPI) library using the known co-crystal structure of Cp with

HAP_R01 [42]. 100 compounds out of 40,640 were selected by

virtual screening for further biological evaluation. Among them,

compound 13, another benzamide derivative, showed the best

but still insufficient anti-HBV activity and modest cytotoxic-

ity (EC50 =17.2 μmol/L, CC50 =47μmol/L). Additionally, employing

structure-based virtual screening, Wang et al. found that com-

pound 14 with 2-aryl-4-quinolyl amide scaffold displayed anti-HBV

activity with an EC50 value of 5.6 μmol/L [43]. Further structural

optimization of compound 14 led to the discovery of compound

15 with improved activity (EC50 =1.8 μmol/L). As demonstrated in

bimolecular fluorescence complementation (BiFC) assay, compound

15 acted as a HBV CpAM, significantly disrupting the capsid inter-

actions.

In 2022, to identify novel chemotypes of CpAMs, Yang et al.

conducted structure-based virtual screening of an integrated com-

pound library and discovered a series of N-sulfonylpiperidine-

3-carboxamides (SPCs) compounds that potently reduced the

amount of secreted HBV DNA [44]. Based on further SAR stud-

ies and optimization of the representative compound 16, com-

pound 17 which exhibited the best anti-HBV effect with an EC50

value of 0.056μmol/L was identified. 17 remained sensitive to a

nucleos(t)ide-resistant variant and showed synergistic antiviral ac-

tivity with ETV in vitro, which indicated that combination therapies

of CpAMs and NAs may be beneficial.

Unquestionably, contemporary medicinal computational chem-

istry requires the usage of more sophisticated approaches, in-

cluding data science, artificial intelligence, molecular simulations

through classical mechanics and quantum mechanics, and chemin-

formatics [45,46]. Such endeavors would greatly improve the suc-

cess rate of capsid-targeted virtual screening.

2.1.3. Drug repositioning

Old drugs have already been applied in clinical practice, so their

physical and chemical properties, pharmacokinetics (PK) proper-

ties, and security are confirmed and guaranteed. It is well known

that new drug development is a high-failure rate, high-cost and

rather slow endeavor. Drug repositioning, on the other hand, has

the advantage of low research and development (R&D) costs, short

development timelines, and significantly reduces uncertainties in

safety and pharmacokinetic research [47,48]. Consequently, drug

3
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Fig. 3. (A) The chemical structures of anti-HBV agents identified by drug repositioning. (B) The co-crystal structure of ciclopirox in complex with HBV core protein (PDB

code: 6J10). The figure was generated in PyMOL (www.pymol.org).

repositioning strategy is becoming increasingly attractive in drug

discovery [49]. The development of HBV CpAMs has no exception.

In 2018, Wei et al. developed a cell-based method for screen-

ing of compounds that targeting Cp dimerization, quantified by the

split luciferase complementation (SLC) assay [50]. Prompted by this

system, two libraries containing 304 natural products and 368 syn-

thesized compounds were screened. Arbidol and 20-deoxyingenol

(Fig. 3A) were identified and turned out to inhibit HBV replication

in vitro by blocking or promoting the capsid formation process, re-

spectively. Arbidol is a broad-spectrum antiviral drug [51], while

20-deoxyingenol is extracted from Caper Euphorbia Seed, a widely

used traditional Chinese herbal medicine.

In 2019, Kang et al. screened 978 Food and Drug Administra-

tion (FDA)-approved drugs for their ability to inhibit HBV replica-

tion [52]. Ciclopirox, an antifungal drug, was found to strongly in-

hibit HBV replication both in vitro (EC50 =0.88μmol/L) and in mice

by blocking capsid assembly. According to the protein-ligand co-

crystal structure (Fig. 3B), there were extensive van der Waals in-

teractions between ciclopirox and the binding pocket formed by

hydrophobic residues L19, F23, F24, P25, Y118, F122 and W102.

Specially, Y118 formed essential hydrogen bonds and salt bridges

with carbonyl oxygen, nitrogen, and hydroxyl group of the pyri-

dine ring of ciclopirox to anchor it in the binding pocket. More-

over, combination of ciclopirox and NAs showed synergistic effect.

In conclusion, orally-administered ciclopirox has the potential to be

developed into a promising treatment to combat HBV infection.

In the same year, Seo et al. identified cetylpyridinium chlo-

ride (CPC) as a novel CpAM with effective activity in vitro

(EC50 =2.5 μmol/L) and in vivo [53]. As a topical antibacterial agent

in the oropharynx, CPC has been used as an adjunctive treatment

for oral infectious diseases [54]. It has also been widely used in

over-the-counter products for instance mouthwashes and denti-

frices. Mechanistic studies confirmed that CPC interacted with the

HBV Cp149 dimer and induced its conformational change. More-

over, CPC turned out to synergize with NAs to prevent HBV repli-

cation in a mouse model. In addition, Xiao et al. screened an

FDA drug library of 1280 compounds using Huh7DhNTCP cells and

identified Evans blue as a novel HBV inhibitor [55]. Evans blue

displayed excellent activity and low cytotoxicity in Huh7DhNTCP

cells (EC50 =2 μmol/L, CC50 > 1000μmol/L). Mechanistic studies

showed that Evans blue had a dual anti-HBV effect, blocking both

the HBV entry through inhibiting the binding of viral preS1 to the

host factor NTCP (sodium taurocholate cotransporting polypeptide)

and capsid assembly through targeting another host factor BKCa

channel. Presumptively, Evans blue is less prone to emergence of

resistance since it targets host factors. Moreover, Evans blue could

inhibit the infection of NA-resistant HBV strains. Apparently, it is a

promising anti-HBV drug candidate for further investigation.

In addition, virtual screening also represents a useful tool for

performing effective drug repositioning for existing drugs in the

market, with a remarkable reduction in the developmental costs

of cell-based anti-HBV screening and target validation [56,57]. In

conjunction with machine learning models, cutting-edge computa-

tional methodologies should be established to infer new drug ac-

tivity and accelerate drug repositioning.

2.1.4. Natural products

There exists an enormous structural complexity and diversity

among secondary metabolites from natural products, which in-

spires medicinal chemists to dig into their infinite potential [58–

60]. Recently there has been a renewed interest in natural products

research due to the failure of alternative drug discovery methods

4
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to deliver lead compounds in major therapeutic areas including an-

tiviral therapies. The bis-heterocycle compound NZ-4 was designed

and identified based on the structural optimization of leucamide A,

a cyclic heptapeptide isolated from the Australian marine sponge

Leucetta microraphis [61,62]. More CpAMs obtained from natural

products are worth expecting.

In 2022, Luo et al. found that the ethanol extract of R. japoni-

cus Thunb. could inhibit HBV replication through screening a tra-

ditional Chinese medicine pool [63]. Mechanistic studies revealed

that R. japonicus Thunb. extract functioned at multiple stages of

the viral lifecycle, especially the processes of cccDNA formation

and capsid assembly. The isolation and identification of active com-

pounds and their structural modification are worthy of further ef-

forts.

We envisioned that the intrinsic complexity of natural-product-

based drug discovery necessitates highly integrated interdisci-

plinary approaches to continue making significant contributions to

anti-HBV agents.

2.2. Optimization of lead compounds

Lead compounds discovered by above-mentioned methods

hardly reach the acme of perfection in terms of anti-HBV potency

and druggability. Therefore, adopting various strategies to optimize

them is necessary. Just as Nobel laureate (1988) Sir James Black

said, “the most fruitful basis of the discovery of a new drug is to

start with an old one.”

2.2.1. Substitution decorating approach

As a basic lead optimization method, substitution decorating is

commonly used in contemporary drug discovery to extract SAR in-

formation for further rational modifications, as well as to improve

activity and drug-like properties [64–67]. In recent years, with ex-

isting CpAMs as lead compounds, some novel and more prominent

derivatives were obtained using substitution decorating approach.

Aiming at reinforcing activity and enhancing metabolic stabil-

ity, in 2018, Vandyck et al. rationally explored different substitution

patterns of the sulphamoyl and N-phenyl amide moieties of a se-

ries of SBA derivatives [68]. Among these compounds, 18 (JNJ-632)

(Fig. 4A) was selected for further studies because it displayed high

activity, weak cytotoxicity, and relatively superior metabolic sta-

bility (EC50 =0.12μmol/L in HepG2.2.15 cells, EC50 =0.43μmol/L in

HepG2.117 cells, CC50 > 100μmol/L in HepG2 cells, human/mouse

liver microsome stability (expressed as percentage metabolization

after 15 min of incubation)=26/51%), which meant a suitable in

vitro profile. In vivo studies also showed that subcutaneous admin-

istration of 18 in HBV-infected chimeric mice led to a marked re-

duction of the HBV DNA viral load.

In the same year, Ren et al. reported the design and synthe-

sis of novel derivatives through substitution decorating of GLS4, in

an attempt to find a better compound with reasonable antiviral

potency, attenuated hERG activity, decreased CYP enzyme induc-

tion, and improved PK properties [69]. Firstly, replacing the dihy-

dropyrimidine core with some other heterocycles led to significant

drops in anti-HBV potency, though decreased hERG inhibitions.

Subsequently, the team modified the structure of the C-2, C-4 and

C-6 positions while keeping the core unchanged to obtain another

three series of derivatives. Considering the possibly important role

of chirality for antiviral potency, compounds with good anti-HBV

activities and low hERG activities obtained above were chirally sep-

arated to further study the chiral isomers. The obtained compound

19 (HEC72702) (Fig. 4B), with an (R)morpholine-2-propionic acid

at the C-6 position displayed the best overall profile in in vitro po-

tency (EC50 =0.039μmol/L), in vitro metabolic stability, PK proper-

ties, hERG inhibition, and CYP enzymes induction.

In 2019, Tang et al. optimized the previously found benzamide

derivative 6 through substitution decorating approach [70]. They

explored the SAR of five substitutions around the central thio-

phene skeleton and designed eight series of compounds, series A–

H. Among them, six compounds of series H, which bear a para F

atom and a meta substitution at the aromatic ring, displayed sig-

nificantly enhanced anti-HBV activity (EC50 =0.11–1.2 μmol/L) and

no cytotoxicity up to 100μmol/L. To further assess their drug-like

properties, physicochemical properties, in vitro ADME, and in vivo

PK studies were conducted. Two of analogs, 20 (EC50 =0.11μmol/L,

CC50 > 100μmol/L, F=25%) and 21 (EC50 =0.31μmol/L, CC50 >

100μmol/L, F=46%) (Fig. 4C) exhibited overall superior profiles in

these studies, indicating that both were high potential candidates

for preclinical development.

In 2020, Na et al. reported the design and synthesis of novel

SBA derivatives through substitution decorating of NVR3-778 [71].

The superimposed co-crystal structures of NVR3-778 and HAP_R01

reflected that most binding interactions were similar, but the thi-

azole moiety at C-2 position of HAP_R01 could afford additional

interactions with the capsid, which might be the reason for the

higher potency of HAP_R01. Therefore, they performed substitu-

tion decorating at C-4, C-5 and C-6 positions of the benzamide

core of NVR3-778 to improve its affinity. Finally, the substitution

decorating at C-6 position resulted in the SBA derivative 22 (KR-

26556) (Fig. 4D) with an EC50 value of 0.04 μmol/L, 9-fold more po-

tent than NVR3-778 in HepAD38 cells. 22 also showed a promising

overall profile in safety assessment, metabolic stability assessment,

in vitro and in vivo PK studies. Therefore, this group further inves-

tigated the SAR of the A ring of 22 and thus obtained compounds

23 and 24 with good anti-HBV activity and validated PK properties

[72].

In 2021, Kim et al. reported a series of pyrimidine derivatives

as HBV CpAMs. Starting from hit compound 25 (Fig. S3A in Sup-

porting information), which was identified by screening of an in-

house compound library, analogs with modifications to three sub-

stitutions around the central pyrimidine skeleton were synthe-

sized and evaluated [73]. Several rounds of SAR studies resulted

in the identification of 26, with an optimal profile in in vitro

(EC50 =0.181μmol/L) and in vivo activity, in vitro metabolic sta-

bility, PK properties, Ames and hERG channel assays. Additionally,

combination of 26 and tenofovir showed synergistic repression of

HBV replication in human liver-chimeric uPA/SCID mice.

In 2022, Spunde et al. reported a new HAP compound 27 (Fig.

S3B in Supporting information) through substitution decorating of

Bay 41-4109 in C-5 position [74]. Among those compounds with

substitution decorating in C-2, C-4, C-5, C-6 positions or the dihy-

dropyrimidine core, 27 displayed the highest potency and the low-

est cytotoxicity (EC50 =6.24μmol/L, CC50 =175μmol/L). However,

though the cytotoxicity of 27 was much lower than that of Bay

41-4109, its activity and selectivity index (SI) did not exceed that

of the lead. Mechanistic studies showed that 27 induced the for-

mation of aberrant capsids as well as the capsid aggregates, just

like other class I CpAMs.

In the same year, Lv et al. explored different substitution pat-

terns of the linker, ring B, and ring C moieties of GYH2-18, a class II

CpAM with 6,7-dihydropyrazolo[1,5-a]pyrazine-5(4H)-carboxamine

(DPPC) skeleton [75]. Among three series of compounds, five com-

pounds 28–32 (Fig. S3C in Supporting information) were selected

and further studied because of their high potency (EC50 =0.008–

0.016μmol/L) and low cytotoxicity (CC50 > 200μmol/L). All of

them showed good oral PK properties, while 28 and 29 were su-

perior to the lead GYH2-18. In order to determine influence of

the chirality on anti-HBV potency, 28, 29 and GYH2-18 were chi-

rally separated to further study the chiral isomers. It was found

that (6S)-cyclopropyl DPPC isomers (EC50 =0.009–0.020μmol/L)

5
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Fig. 4. The chemical structures of compounds 18–24 through substitution decorating approach. The co-crystal structure of core protein with NVR 3-778 (PDB code: 5T2P)

and HAP_R01 (PDB code: 5WRE) shown in (A) was generated in PyMOL (www.pymol.org).

displayed significantly higher potency than the corresponding (6R)-

ones (EC50 =0.109–0.866μmol/L).

More recently, Kuduk et al. have reported the further optimiza-

tion of a series of diazepinone CpAMs using unsubstituted 33 as

the lead [76]. SAR exploration of the 8-position of the diazepinone

led to the discovery of compound 34 (EC50 =0.004μmol/L) (Fig.

S3D in Supporting information), which was 17-fold more ac-

tive than 6 and maintained similar human microsomal clearance

(CL=12 mL min−1 kg−1) and good solubility (153μmol/L at pH

7). Subsequent modifications focused on the urea moiety and thus

obtained compound 35 with equal potency to 34. In order to un-

derstand what led to the significant increase in anti-HBV activity

after the addition of a single fluorine atom, the co-crystal struc-

ture of the Cp Y132A mutant bound to 35 was solved. However, no

essential interactions that could account for the increase in anti-

HBV activity of the fluorine with the protein were found. One pre-

sumption is that the fluorine renders the adjacent methylene more

acidic, resulting in reinforced interaction between the methylene

6
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Fig. 5. The chemical structures of compounds 37–44 through scaffold hopping approach.

group and the adjacent carbonyl of Leu140. Transforming to the

cyano, fluoro phenyl urea, in company with the previously reported

beneficial 6-Me substituent on the piperidine moiety, was explored

and obtained compound 36, the (6R,8′R) isomer [77]. 36 displayed

excellent cellular potency (EC50 =0.0016μmol/L), good solubility

(72μmol/L at pH 7), and desirable PK profiles.

The high hit rate and the potency of the new CpAMs demon-

strated the efficiency of the substitution decorating approach

around the privileged structure.

2.2.2. Scaffold hopping

Scaffold hopping, a classical medicinal chemistry strategy, typ-

ically starts with known active compounds and ends with novel

scaffold compounds through transformation of the parental nu-

cleus structure [78]. It can be conducted through computational

methods as well as on a rationally designed case-by-case basis.

This strategy is extensively utilized by medicinal chemists to en-

hance activity, optimize druggability or obtain intellectual property

(IP) based on the structure of lead compounds [79–81].

For example, in 2020, Lv et al. reported the design and syn-

thesis of novel SBA derivatives using NVR3-778 as the lead com-

pound [82]. Based on previous SAR studies and the reported crystal

structure of Cp bound to NVR3-778, the team chose to modify the

4-hydoxyl-piperidyl moiety of NVR3-778 employing scaffold hop-

ping and substitution decorating methods while keeping the ring

A, B, and the benzamide moiety unchanged. Among three series

of compounds, 37 (Fig. 5A) stood out with potent anti-HBV activ-

ity, low cytotoxicity (EC50 =0.25μmol/L, CC50 =10.68μmol/L), and

acceptable PK profiles.

In the same year, Chen et al. conducted SAR exploration of the

previously identified compound 38 (Fig. 5B) based on its metabolic

pathway study [83]. Firstly, to block the metabolic site of the

methyl on the 4-methylpyridazinone moiety, scaffold hopping on

this moiety resulted in compound 39 with moderate anti-HBV ac-

tivity, low cytotoxicity (EC50 =0.12μmol/L, CC50 > 100μmol/L) and

improved liver distribution in ICR (CD-1) mice. Further optimiza-

tion of the pyridine moiety was carried out while keeping fluorine

substitution at the 2-position and thus 5-chloro substituted com-

pound 40 with superior activity and low cytotoxicity was identi-

fied (EC50 =0.038μmol/L, CC50 > 100μmol/L). To adjust the physi-

cal property of 40, the team kept 5-chloro substitution unchanged

and explored diverse side chains at the 6-position of pyridine.

Among them, 41 bearing two hydroxy groups displayed an ex-

cellent antiviral potency with an EC50 value of 0.014μmol/L and

CC50 > 100μmol/L. 41 also exhibited desirable drug-like properties

with excellent oral bioavailability (F=60.4%) in mice. Mechanistic

studies showed that compound 41 could induce the formation of

pgRNA-free empty capsids, hence it was a class II CpAM.

In 2021, Amblard et al. reported the identification of compound

43 (GLP-26) (Fig. 5C), a glyoxamide derivative currently in pre-

clinical studies [84,85]. Starting from a SBA derivative 42, pre-
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Fig. 6. The chemical structure of compound 49 through scaffold hopping approach

and the co-crystal structure of core protein with compound 49 (PDB: 7S76), which

was generated in PyMOL (www.pymol.org).

liminary in silico evaluation of the diketopyrole scaffold showed

excellent similarity between the diketopyrole moiety and the

benzyl-sulfonamide motif of 42. Thus, employing scaffold hop-

ping strategy, this team designed and synthesized a series of

diketopyrole derivatives, among which 43 was identified as the

most promising compound with high potency and low cytotoxic-

ity (EC50 =0.003μmol/L, CC50 > 100μmol/L).

Spirocycles, with the right degree of conformational rigidity,

high degree of saturation (expressed as Fsp3), and a pronounced

three-dimensionality, represent an emerging privileged platform

for drug design. Consequently, in continuation of our work on the

HBV CpAMs, we reported the design and synthesis of 29 HAP-spiro

derivatives [86]. The morpholine moiety at 6-position is located in

a solvent-exposed region. Scaffold hopping strategy was adopted

to replace the morpholine moiety of GLS4 with diverse spiro rings,

in an attempt to improve the hydrophilicity and PK properties of

GLS4. Among them, compound 44 (Fig. 5D) showed the best anti-

HBV activity and low cytotoxicity, but did not exceed GLS4. Mean-

while, the predicted ADMET and PK profiles of 44 retained at the

similar level as GLS4.

Additionally, Senaweera et al. carried out hit expansion via

pharmacophore-based scaffold hopping approach [42]. Firstly, the

common pharmacophore features of 45 (Janssen), 46 (ZW-935)

and 43 (GLP-26) were identified through in silico pharmacophore

modeling. Subsequently, a series of compounds preserving these

features were designed and selected according to their molecular

docking scores and binding modes with key residues. Among them,

two benzamide derivatives, 47 and 48 (Fig. S4A in Supporting in-

formation) were disclosed as novel HBV CpAM hits with single-

digit μmol/L EC50 and cytotoxicity up to 100μmol/L. In early ADME

assessment, both hits showed excellent plasma and microsomal

stability in vitro. However, the aqueous solubility for both hits was

less than ideal.

In 2022, Cole et al. reported the design and synthesis of deriva-

tives through scaffold hopping of AB-506, a class II molecule ter-

minated in clinical phase I for its hepatotoxicity [87]. Based on the

structural comparison of NVR 3-778 and JNJ56136379, it could be

hypothesized that 1-methyl pyrrole is a tolerated replacement for

the halogenated phenyl. Therefore, two enantiomers bearing bi-

cyclic 1-methyl pyrrole heterocyclic were synthesized and evalu-

ated. The (S)-enantiomer 49 (EC50 =0.052μmol/L) (Fig. S4B in Sup-

porting information) displayed much better anti-HBV activity than

its (R)-enantiomer (EC50 =3.5 μmol/L), which was consistent with

the lead AB-506. The co-crystal structure of the Cp Y132A mutant

in complex with 49 was solved and the detailed interactions were

provided (Fig. 6). Consistent with other published CpAMs, 49 binds

to the hydrophobic pocket located at the dimer-dimer interface

near the C-termini of the core assembly subunits. The halogenated

phenyl moiety inserts into a deep hydrophobic pocket formed by

P25, D29, L30, T33, and I105, as well as V124 and R127 from an-

other dimer. The secondary amide forms key hydrogen bonds with

W102 and T128, while the (S)-enantiomer 49 forms an additional

hydrogen bond with L140. In addition, the methyl triazole moiety

is located at the edge of the binding site and is moderately solvent

exposed. The minor modifications in this moiety had little influ-

ence on anti-HBV activity and led to the discovery of compounds

50 (EC50 =0.050μmol/L) and 51 (EC50 =0.057μmol/L) with simi-

lar activity and desirable PK profiles. The potent activity as well

as high and sustained oral exposure of compounds 49, 50 and 51

made a low once-daily dosing schedule possible.

2.2.3. Molecular hybridization

Molecular hybridization involves the combination of pharma-

cophores from two different biologically active compounds in or-

der to obtain a structurally novel compound with generally supe-

rior efficacy and desirable drug-like properties [88]. This effective

approach has also been applied to the development of HBV CpAMs.

In 2020, we reported the design and synthesis of six se-

ries of heterocycle derivatives through combining scaffold hop-

ping, bioisosterism, and molecular hybridization approaches, start-

ing from NZ-4 and AT-130 [89]. There were compound 52 (Fig. S5A

in Supporting information) possessed the best activity for anti-HBV

DNA replication (EC50 =2.2 μmol/L, CC50 =80.8 μmol/L), and com-

pounds 53 as well as 54 had the best activity for anti-HBsAg se-

cretion and anti-HBeAg secretion, respectively. Moreover, surface

plasmon resonance (SPR) analysis showed that the affinity constant

of compound 54 (KD =60.0 μmol/L) was comparable to that of the

lead NZ-4 (KD =50.6 μmol/L).

In 2022, Li et al. reported the discovery of a highly potent CpAM

bearing a novel fused heterocycle amide scaffold, compound 60

(SHR5133) (Fig. S5B in Supporting information) currently in pre-

clinical phase [90]. Initial hybridization between compounds 55

and 56 led to the identification of compound 57 containing the

bicycle and amide combination with an EC50 value of 2.79 μmol/L.

Then this team performed scaffold hopping of the bicycle, which

afforded compound 58 with better activity (EC50 =0.511μmol/L).

Further SAR studies on the imidazole scaffold and substitution of

the piperazine disclosed two highly potent compounds 59 and 60.

60 showed better PK properties in rat than 59. In addition, it per-

formed desirable PK profiles across species, favorable physicochem-

ical properties, no CYP450 inhibition, and a high cardiac safety

margin. Obviously, 60 is a promising drug candidate worthy of fur-

ther studies.

In the same year, Liu et al. used NVR3-778 and BA-38017 as

lead compounds to design and synthesize three series of com-

pounds [91]. Series I and II were designed based on the molecu-

lar hybridization of NVR3-778 and BA-38017, while scaffold hop-

ping of the dihydrobenzodioxine moiety of BA-38017 resulted in

series III. Among these compounds, compound 61 (Fig. S6A in Sup-

porting information) of series I showed the best anti-HBV DNA

replication activity and moderate cytotoxicity in HepAD38 cells

(EC50 =0.50μmol/L, CC50 =48.16μmol/L).

Additionally, to address limitations of NVR3-778, including the

modest antiviral activity and relatively low aqueous solubility, our

team reported the design and synthesis of novel SBA derivatives

using molecular hybridization and bioisosterism approaches [92].

Based on the comparison and analysis of co-crystal structure of

HBV Cp Y132A mutant with NVR 3-778 and HAP_R01, we pre-

sume that the higher activity of HAP_R01 may be due to the addi-

tional hydrogen bond interactions of the carboxyl acid group with

S141 at the solvent-exposed region. Therefore, we replaced the 4-

hydroxyl-piperidine moiety of NVR 3-778 with carboxyl acids and

obtained series I, in an attempt to enhance the interaction force

with amino acids in the binding site as well as improve water solu-

bility. Moreover, using bioisosterism strategy, series II and III bear-

ing phenylboronic acids and phenylboronate esters were designed.

Among three series of compounds, 62 (Fig. S6B in Supporting infor-

mation) showed comparable anti-HBV potency to NVR3-778 with
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better aqueous solubility. However, it is a pity that the bioavail-

ability of 62 was only 2.85%, which motivates us to make further

efforts.

It might be expected that availability of more precise protein

models based on the X-ray crystal structures of ligands bound to

HBV capsid could provide further valuable insights for structure-

based molecular hybridization to facilitate hit-to-lead or lead-to-

candidate development [93].

2.2.4. Prodrug strategy

Many pharmacologically active agents with high potency have

fatal flaws in drug-likeness due to poor solubility, deficient oral

bioavailability, or low metabolic stability, which restrict their clin-

ical applications seriously. The concept of “Prodrug” revives quite

a few of them through simple but subtle modification [94]. An es-

timated 10% of drugs approved worldwide belong to the category

of prodrugs [95]. Some attempts to take advantage of this concept

also have been made in HBV CpAMs.

With the view of improving the water solubility of NVR 3-

778, we reported the design and synthesis of four carboxylic acid

and phosphate compounds based on NVR 3-778 [96]. There was

no significant difference in anti-HBV activity between NVR 3-778

(EC50 =0.38μmol/L) and four prodrugs (EC50 =0.42–0.28μmol/L).

Notably, compound 63 (Fig. S7 in Supporting information) not

only improved the water solubility and released active drug more

slowly in rat, but also increased the metabolic stability (63:

T1/2 =1.92 h; NVR 3-778: T1/2 =1.40 h) in vitro. Moreover, the cyto-

toxicity of compound 64 (CC50 > 256μmol/L) was significantly re-

duced compared with NVR 3-778 (CC50 =13.65μmol/L). Overall, it

is a successful trial to improve drug-likeness of NVR3-778 through

prodrug strategy.

2.2.5. Conformational constraint strategy

To fit with the conformation of the receptor binding site, a flex-

ible ligand has to modulate its orientation and distance of groups

to transform to the “active conformation” and this process leads

to entropy loss. The conformational constraint of the flexible lig-

and can minimize this entropy loss, thus enhancing its affinity to

the specific drug target [97]. It also has the potential to improve

selectivity and metabolic stability [98]. Conformational constraint

strategy plays an indispensable role in drug discovery and is com-

monly used by medicinal chemists to optimize lead compounds.

In 2020, Wang et al. adopted this strategy to discover com-

pound 65 (Fig. S8 in Supporting information) using NVR3-778 as

the lead compound [99]. In the active conformation of SBAs, the

oxygen atom of the amide and carbon a in the figure are spa-

tially close. To restrict this conformation, a new scaffold in which

the C=O was replaced by the N atom in an aromatic heterocycle

cyclized with carbon a was designed so that the N atom could

form a hydrogen bond with W102 in a tight conformation. Com-

bining with subsequent SAR studies on the indazole ring and other

substitutions on the parent scaffold, compound 65 with excellent

potency and low cytotoxicity was identified (EC50 =0.034μmol/L,

CC50 > 100μmol/L). 65 also displayed good metabolic stability in

mouse liver microsomes but had the defect of poor aqueous solu-

bility. Therefore, the team designed a series of amino acid prodrugs

of 65, among which a citric acid salt 66 showed good solubility

and demonstrated effectiveness in a hydrodynamic injection-based

mouse model.

3. Conclusion and perspectives

This mini-review provides a short overview of the function

and structure of HBV core protein and summarizes the latest re-

search progress (2018–2022) of HBV CpAMs. The typical medicinal

chemistry strategies employed in the discovery and optimization of

lead compounds were pointed out. Research paradigms and lessons

learned from the discovery and development of HBV CpAMs will

facilitate the discovery of additional drugs that specifically target

various DNA and RNA capsids or other structural proteins.

Notably, high-throughput screening and virtual screening of

compound libraries play an important role in the recent discov-

ery of new structure HBV CpAMs, which owe to the continuous

advance in computational chemistry. When it comes to drug repo-

sitioning, high-throughput phenotypic screening or inverse virtual

screening for new indications of marketed or unapproved drugs is

a highly efficient method. Natural products from animals, plants,

microorganisms and marine organisms are also a nonnegligible

source of new skeleton HBV CpAMs. Other drug discovery meth-

ods, such as fragment-based lead discovery and the application of

DNA encoded libraries (DELs), hold potential as yet unexplored al-

ternatives to expand the chemotypes amenable for development of

HBV CpAMs [100,101].

Based on the reported chemical structures of CpAMs, ligand-

based drug design strategies, such as bioisosterism, scaffold hop-

ping, molecular hybridization, prodrug, and conformational con-

straint, have been employed to enrich the SAR information of the

corresponding scaffolds, which facilitates further modifications to

enhance antiviral activity and improve drug-like properties. With

the development of structural biology, the crystal structures of lig-

ands in complex with capsids have been solved, which boost the

use of rational structure-based drug design. Targeting key amino

acid residues to form additional interactions can lead to more ef-

ficient and effective optimization of lead compounds. Besides, to

take full advantage of the wealth of structural biology information

of HBV capsid, cheminformatics approach for intelligently designed

small molecule library should be developed to maximize the diver-

sity library realization.

HBV capsid shows high sequence conservation level. It plays an

indispensable role in multiple stages of the HBV replication cycle.

The assembly dynamics of capsid is so precise that even small in-

terferences with the hydrophobic interaction between dimers of

Cp can affect normal capsid assembly, thus disrupting the HBV

lifecycle [102]. These factors impel CpAMs to become one of the

most studied and promising anti-HBV candidates. However, the

path to success will certainly be fraught with pitfalls and chal-

lenges (Fig. S9 in Supporting information). As discussed above,

during the optimization of lead compounds, it is always difficult

to balance the relationship between activity and druggability (in-

cluding physicochemical properties, biochemical properties, phar-

macokinetics properties and toxicity), as a result attending to one

thing and losing another, which is a common problem in drug de-

velopment. Secondly, although the establishment of the SARs of

various scaffolds, the understanding of these SARs is usually not

deep enough, and in many cases, we know the result but do not

know the reason. In addition, there are concerns about the prob-

lem of drug resistance. Phase I proof-of-concept clinical trial of AB-

506 reported a CHB patient who developed a natural mutation in

Cp I105T at the baseline of treatment and thus presented a non-

response status to a 160mg/d dose of AB-506 [103]. This is the

only reported case of primary resistance to CpAMs to date. But

it can be foreseen that, with the extensive deepening of clinical

research on CpAMs, more primary and secondary drug resistance

mutations will be discovered.

To overcome these challenges, the multidisciplinary coordina-

tion between classical medicinal chemistry, structural biology, and

computational chemistry is still necessary. Additionally, we need

to pay more attention to the synchronous optimization of activ-

ity and druggability, and timely carry out the reciprocating feed-

back of “molecular design–chemical synthesis–multilevel biolog-

ical evaluation”. The parameters such as ligand efficiency (LE)

and ligand lipophilicity efficiency (LLE) can be used to guide this
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process, which allows the combination of in vitro activity and

physical and chemical properties to evaluate the quality of com-

pounds [104,105]. Notably, solvent-exposed regions of HBV core

proteins provide opportunities for substantial modifications of ex-

isting small-molecular drug molecules to regulate some physio-

chemical properties (cLogP, cLogD and Fsp3) that are associated

with compound attrition, without serious loss of activity [106,107].

Experimental methods including isothermal titration calorimetry

(ITC) and surface plasmon resonance (SPR) could be employed to

determine the thermodynamic behavior of ligand binding to HBV

capsid. The changes of free energy, enthalpy, and entropy are com-

bined with the transformation of the complex structure to ex-

plain or reveal the SAR and guide the further optimization of com-

pounds.

Introducing some advanced strategies in this field is also worth

looking forward to. Proteolysis-targeting chimera (PROTAC) is a bi-

functional molecule containing a ligand (mostly small-molecule in-

hibitor) of the protein of interest (POI) and a covalently linked

ligand of the E3 ubiquitin ligase [108]. The small-molecule in-

hibitor recruits POI, while the ligand of E3 recruits the ubiq-

uitin ligase, thus making the ubiquitinated protein degraded by

the proteasome. Application of PROTAC strategy holds promise

to achieve targeted degradation of the capsids and destroy their

structure and function. Most interestingly, according to a proof-

of-concept study, PROTAC molecule DGY-08-097 exhibited antiviral

activity against mutant viruses that are resistant to the parental

HCV protease inhibitor, which highlights the possibility of address-

ing viral drug resistance through PROTAC strategy [109]. There-

fore, combining this strategy with CpAMs has a unique superior-

ity and a good prospect. Besides the proteolytic machinery via the

proteasomal system, lysosome-targeting chimaeras (LYTACs) and

autophagy-targeting chimeras (AUTACs) trigger protein degradation

via the lysosome and autophagy, separately. The rapid development

of molecular glues and protein degraders with other protein degra-

dation modalities expands their potential applications in HBV cap-

sid [110]. Considering that capsid is structural protein with a broad

and relatively superficial binding surface, the development of poly-

valent CpAMs may improve binding affinity greatly compared with

monovalent counterparts. Additionally, covalent inhibitors have the

advantages of high potency, long effective action time, and good PK

properties. Despite the promise that covalent-based antiviral ther-

apeutics hold, it has remained a largely underexplored modality

to develop covalent CpAMs [111]. All in all, these ideas here de-

scribed may represent the blueprint for the future development of

new generations of CpAM-based anti-HBV drugs.
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