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ARTICLE INFO ABSTRACT

Hepatitis B virus (HBV) infection is a major risk factor for chronic liver disease, cirrhosis, and hepatocellular
carcinoma (HCC) worldwide. While multiple hepatitis B drugs have been developed, build up of drug resistance
during treatment or weak efficacies observed in some cases have limited their application. Therefore, there is an
urgent need to develop substitutional pharmacological agents for HBV-infected individuals. Here, we identified
cetylpyridinium chloride (CPC) as a novel inhibitor of HBV. Using computational docking of CPC to core protein,
microscale thermophoresis analysis of CPC binding to viral nucleocapsids, and in vitro nucleocapsid formation
assays, we found that CPC interacts with dimeric viral nucleocapsid protein (known as core protein or HBcAg)
specifically. Compared with other HBV inhibitors, such as benzenesulfonamide (BS) and sulfanilamide (SA), CPC
achieved significantly better reduction of HBV particle number in HepG2.2.15 cell line, a derivative of human
HCC cells that stably expresses HBV. CPC also inhibited HBV replication in mouse hydrodynamic model system.
Taken together, our results show that CPC inhibits capsid assembly and leads to reduced HBV biogenesis. Thus,
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CPC is an effective pharmacological agent that can reduce HBV particles.

1. Introduction

Hepatitis B virus (HBV) causes chronic hepatitis, and the number of
infections is rapidly increasing each year (Ott et al., 2012; Zuckerman,
1999). Chronic HBV infection is closely associated with the develop-
ment of cirrhosis and hepatocellular carcinoma (HCC) (Paradis, 2013).
The partially double-stranded DNA genome of HBV is 3.2 kb in size, and
encodes 4 distinct proteins: core protein, surface protein (large, middle,
small), X protein, and a polymerase capable of both DNA-dependent
and RNA-dependent DNA polymerization (Seeger and Mason, 2000).
During the course of infection, the HBV genome is transformed into
covalently closed circular DNA (cccDNA) with the aid of the nucleus
repair system (Seeger and Mason, 2000). The cccDNA then serves as a
template for transcription of pregenomic RNA (pgRNA) by the host’s
RNA polymerase (Seeger and Mason, 2000). HBcAg can be assembled
into T = 3 or T = 4 icosahedral capsid structures, and an envelope is
formed from insertion of surface antigens into the host intracellular

membrane (Seeger and Mason, 2000).

HBV has been researched by biologists and pharmacologists, and
multiple therapeutics have been developed to inhibit viral replication
(Stein and Loomba, 2009). For example, lamivudine (LAM) and ade-
fovir were introduced as HBV replication inhibitors, and were ad-
ministered to treat HBV infections. These nucleos(t)ide analogue drugs
usually induce drug resistance and show low efficacy (Doong et al.,
1991). While the recently developed entecavir, telbivudine and teno-
fovir demonstrated less drug resistance, insufficient studies on these
drugs were conducted; results indicated that they vary in efficiency
between patients, and induce other mutant resistance as a side effect
(Pan et al., 2017). Thus, previous treatment regimens for these HBV
replicative inhibitor drugs involved diverse combinatorial administra-
tion depending on an individual’s susceptibility to each drug species
(Brunetto and Lok, 2010). Therefore, there is increased attention and
demand for new drugs that target different parts of the HBV infection
process. One potential mechanism of action is to inhibit capsid
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Fig. 1. CPC inhibits HBV capsid assembly in vitro.

2pM

Amountof HBVDHA (x 105 wml) T Relativeintensity
O

N

SuM 10pM 20 M &

& &

O 2 & & O N
FETLE

A. Capsid assembly assay with HBV Cp149 and candidates (20 uM) for inhibiting HBV capsid assembly.

B-G. Capsid assembly assay using HBV capsid inhibitor candidates (0-20 uM). ICso of CPC was measured as an average of the immunoblot band intensity.

H. Quantitation of HBV DNA following treatment with 1 uM core assembly inhibitors.

Values are mean =+ standard error of the mean (SEM, n = 4 per group); *p < 0.05, **p < 0.01, and ***p < 0.001, ¢ test.

HBV, Hepatitis B virus; Cp149, Core protein 149; DMSO, Dimethyl sulfoxide; BS, Benzenesulfonamide; IDO, Idoxuridine; CPC, Cetylpyridinium chloride; AMO,
Amoxicillin; TPH, Tripelennamine HCI; FLU, Fluocinonide; GLI, Gliquidone; RFC, Rofecoxib; AML, Amlodipine besylate; CLZ, Clozapine; TET, Tetracycline HCl, SA,

Sulfanilamide.

assembly, which in turn inhibits replication and build up of virus par-
ticles (Vanlandschoot et al., 2003).

Our research focused on targeting the HBV capsid; the core protein
has 183-185 amino acids with two functional domains (Hirsch et al.,
1990). Assembly domain (1-149 aa) interacts with neighboring core
proteins to form the icosahedral capsid structure, while protamine do-
main (150-183/185 aa) interacts with pgRNA to regulate reverse
transcriptase (RTs) activity (Hirsch et al., 1990; Wynne et al., 1999). To
determine its exact effect on in vitro capsid assembly, we used a C-
terminal region truncated, assembly domain of the core protein; Cp149.
Cpl49 form dimers and three dimers assemble into a hexamer struc-
ture. The Cp149 hexamer acts as a nucleus and stabilizes capsid as-
sembly (Lott et al., 2000).

In a previous study, cetylpyridinium chloride (CPC) was shown to
possess anti-bacterial activity (Popkin et al., 2017). Nevertheless, the
inhibitory effect of CPC against Hepatitis B virus remains to be eluci-
dated. Capsid inhibitors such as benzenesulfonamide (BS) and sulfani-
lamide (SA) inhibit HBV capsid assembly at relatively high half max-
imal inhibitory concentrations (ICsg; 7-200 uM) (Cho et al., 2014,
2013). In this paper, we found that CPC interfered with HBV capsid
assembly with a low ICsy (2-3 uM). We aimed to determine the func-
tional role of CPC in HBV capsid assembly and demonstrated that CPC
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significantly decreased HBV biogenesis through binding to dimeric core
proteins, in consequence, preventing capsid formation.

2. Materials and Methods

2.1. Purification of Cp149, HBV capsid assembly analysis, and sucrose
density gradient analysis

Cp149 gene from pHBV1.2x template was amplified using a forward
primer, 5-ACCATGGACATTGACCCGTATAAAG-3’, including an Ncol
site and a reverse primer, 5-ACTCGAGTTAAACAACAGTAGTTTC
CGG-3’ including an Xhol site. Amplified Cp149 gene was then ligated
into pGEMT-easy vector (Promega, Madison, USA) and transformed
into DH5a cell. Then the amplified Cp149 gene was restricted at the
Ncol and Xhol enzyme site and ligated into pET28b E. coli expression
vector (Novagen, Madison, WI). The pET28b/Cpl49 plasmid was
transformed into BL21(DE3) + pLysS Escherichia coli expression host
(Novagen, Madison, USA) (Choi et al., 2005). Cp149 was induced by
1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) and incubated at
37°C for 4h. Cpl49 dimers were stored in stock solution (100 mM
glycine (pH 9.5), 10% glycerol) at -70°C. Capsid assembly reaction was
conducted in assembly reaction buffer (50 mM HEPES, 15mM NaCl,
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ADMET property of HBV inhibitor candidates. ADMET analysis was conducted based on six distinct criteria. Solubility in log S value was predicted as an important
determinant in absorption. Plasma protein binding (PPB) affinity level and blood brain barrier (BBB) penetration confidence status were introduced as distribution
criteria. Cytochrome P450 2D6 (CYP2D6), an enzyme deeply involved in xenobiotic metabolism, was ssubjected to inhibition probability computation for drug
metabolism and excretion evaluation. Hepatotoxicity probability was predicted among other toxicities. Molecular partition coefficient (AlogP98) and polar surface

area (PSA2D) values were plotted showing absorption and blood.

ADMET
Name FDA approved Solubility PPB level Hepatotoxicity CYP2D6 AlogP98 PSA 2D  Absorption-95 Absorption-99 BBB-95 BBB-99
drug probability probability
number
(Selleckchem,
Cat. L1300)
Sulfanilamide (SA) -0.891 O 0.649 0.039 -0.212 87.681 v "4 v
Benzenesulfonamide (BS) —1.365 0 0.536 0.049 0.535 61.141 v v
Idoxuridine (IDO) 357 —-0.213 0 0.761 0.099 —1.208 101.325 v
Cetylpyridinium chloride 849 -6.305 2 0.589 0.722 7.584 5.348
(CPC)
Amoxicillin (AMO) 649 —2.523 0 0.364 0.445 —0.06 136.236 v
Tripelennamine HCl 704 -3702 1 0.635 0.881 3.102 17.965 v "4 "4
(TPH)
Fluocinonide (FLU) 632 —3.88 0 0.344 0.326 1.374 99.508 v v
Gliquidone (GLI) 708 —5.735 2 0.344 0.297 4.738 124.406
Rofecoxib (RFC) 666 —-4.258 1 0.701 0.514 2.871 60.832 v "4 "4
Amlodipine besylate 326 —-3593 2 0.284 0.495 1.576 100.742 < v v
(AML)
Clozapine (CLZ) 534 -5176 2 0.238 0.732 3.476 30.838 ¢ v v "4
Tetracycline HCI (TET) 610 —-2.648 0 0.854 0.326 —-1.011 185.872
Entecavir —0.528 0 0.39 0.396 —1.404 126.214 v
Tenofovir -1.086 ©0 0.748 0.148 —-0.911 133.533 v
Adefovir —-3546 O 0.331 0.326 1.899 162.224
Lamivudine -0.83 0 0.364 0.059 -0.59 88262 v 4
Telbivudine -0.102 O 0.801 0.039 —1.044 101.325 v

Solubility : log S, 10-based logarithm of the aqueous solubility in mol/L.
CYP2D6 : Cytochrome P450 2D6 enzyme inhibition probability.
PPB : level of Plasma Protein Binding affinity.

AlogP98 : the logarithm of the partition coefficient between n-octanol and water.

PSA 2D : polar surface area.

Absorption/ BBB : confidence in Human Intestine Absorption and Blood Brain Barrier penetration.

10mM CaCl, (pH 7.5)) with candidate drug concentration (ranging
from 1 to 20 uM) at 37 °C for 1 h. Assembled particles were detected by
immunoblot analysis using mouse monoclonal anti-HBV core antibody
(Abcam, Cambridge, UK). The core dimer protein, given in equivalent
quantity in every test samples, were acquired in same volume before
processing the capsid assembly reaction for immunoblot analysis and
were given as input normalization control (Kim et al., 2015). Sucrose
density gradient analysis was conducted by ultracentrifugation (HI-
TACHI, Tokyo, Japan) for 3.5h at 250,000 g. Samples were prepared
after SA (200 uM), BS (200 uM) and CPC (20 uM) treatments. Fractions
of sucrose concentrations were analyzed by 15% SDS-PAGE followed by
immunoblot analysis using mouse monoclonal anti-HBV core antibody
(Abcam, Cambridge, UK) (Kang et al., 2006).

2.2. Measurement of cell viability

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. HepG2.2.15 cells were
cultured at 80% confluency in 96-well plates and maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Wellgene, Gyeongsan-si,
South Korea). The cells were treated with varying concentrations 0 to
1 uM of CPC for 24 h and then washed with PBS and treated with the
MTT solution for 4h at 37°C. Absorbance at 570 nm was measured
using a microphotometer reader (BioTek, Vermont, USA) (Lee et al.,
2013). Examination on HepG2.2.15 cells were practiced within drug
concentration range from 0 to 1 uM while drug concentrations greater
than 1 uM were tested only for in vitro capsid assembly experiments.
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2.3. CPC in silico docking modeling

We built in silico Cp149 dimer structure from X-ray crystallography
data (PDB ID: 1QGT) using Discovery studio 2.5 (Accelrys, San Diego,
USA). Simulations were based on the CHARMM force field, and
Momany-Rone partial charge method (Wu et al., 2003). We used Lib-
Dock (Rao et al., 2007), LigandFit (Venkatachalam et al., 2003), and
CDOCKER (Wu et al., 2003) algorithms to screen candidate molecules
that fit into cavity structures of the Cp149 dimer. Optimal binding poses
with highest receptor-ligand scores were searched. Energy level was
minimized through the Adopted Basis-set Newton-Raphson algorithm,
and the obtained structures were equilibrated at 37°C for 100,000 cy-
cles (Leis et al., 2010; Smith et al., 2012).

2.4. Protein—small molecule interaction analysis using microscale
thermophoresis

Cp149 and other proteins (BSA, anti-TAK1, anti-GST, anti-MDM2,
Pacl) were labeled with Monolith NT.115 protein labeling kit RED
(Nanotemper, Munich, Germany), and was eluted to 10 ug in the MST
buffer (50 mM Tris—HCI (pH 7.4), 150 mM NacCl, 10 mM MgCl2, and
0.05% Tween-20). CPC was serially diluted (0.02-100 pM) into Cp149
solutions. Samples were incubated at 37°C for 10 min, and were ana-
lyzed using the Monolith NT.115 program (Nanotemper, Munich,
Germany). All the experiments were performed thrice and analyzed as
previously described (Timofeeva et al., 2012).
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Fig. 2. Interaction and conformational change of HBV Cp149 with the novel capsid assembly inhibitor CPC.

A-C. Microscale thermophoresis changes between purified Cp149 and CPC (A), Anti-HBcAg antibody (B, Positive control), and DMSO (C, Negative control).
Experiments were repeated in 20, 40, 60, and 80% MST power sequences and results from 40% MST are presented in the figure.

D. Molar ellipticity change in Cp149 with 1% DMSO (Negative control), 50 uM BS (Positive control), and 5 pM CPC treatment.

HBV, Hepatitis B virus; Cpl149, Core protein 149; DMSO, Dimethyl sulfoxide; Anti-HBcAg, Anti-Hepatitis B core antigen; BS, Benzenesulfonamide; CPC,

Cetylpyridinium chloride.

2.5. Quantification of intracellular and extracellular HBV DNA, RNA by
real-time PCR

HepG2.2.15 cells were treated with 978 FDA-approved chemicals
(1 uM) (Cat. L1300, 978 drug compounds library version, Selleckchem,
Houston, USA). Following 24 h incubation, media from each sample
were collected and the extracellular HBV DNA was extracted using the
phenol-chloroform extraction method. Cells were isolated from the
media separately, sonicated for cell lysis, and centrifuged at 4°C,
12,000 rpm for 15 min. Intracellular HBV DNA was extracted from the
supernatant using the phenol-chloroform extraction method. RNA was
isolated from cells by using RNA Ribozol extraction reagent (Amresco,
Ohio, USA) and reverse transcription was performed by using RT-
DryMIX reverse transciptase (Enzynomics, Daejeon, South Korea). Total
viral DNA and cDNA were measured by quantitative PCR using SYBR-
Green mixture (Enzynomics, Daejeon, South Korea). The forward
primer sequence was 5-TCCTCTTCATCCTGCTGCTATG-3’, and reverse
primer sequence was 5-CGTGCTGGTAGTTGATGTTCCT-3" (Garson
et al., 2005; Shim et al., 2011).

2.6. CPC and LAM combination analysis using compusyn

To evaluate CPC and LAM synergism, we treated HepG2.2.15 cells
grown in 96-well plates with CPC and LAM in various concentrations
(0.01-1 pM) and ratios (12:1 to 0.33:1). After 24 h, the medium was
collected and extracellular HBV DNA was extracted from the medium
using the phenol-chloroform extraction method. The concentration of
the extracellular HBV DNA was measured using quantitative PCR. ICsq
and combination-index (CI) values were calculated using Compusyn
(Molecular Pharmacology and Chemistry program, New York, USA).

Single drug treatments and combination drug treatment dose-effect
curves were fitted into logarithmic functions converging toward the
discrete upper bounds in fractional effect value. ICso values were ob-
tained from the dose-effect curves. Dose reduction index (DRI) was
calculated as the ratio of input dose in combinatorial treatment and
corresponding single treatment dose in account with equal effect value.
CI was calculated by adding the reciprocal value of each DRI for in-
dicating synergism (CI > 1, antagonistic effect; CI = 1, additive effect;
CI < 1, synergistic effect) (Chou, 2006, 2010).

2.7. Numerical analysis of capsid assembly inhibition

Based on the molecular simulation, searching for the difference in
solvent accessibility between the protomer and free dimeric core pro-
tein, we identified the binding sites of contiguous protomers and CPC
on the dimeric core protein, Cp149,. Assembly inhibition was sum-
marized into a competing equilibrium between CPC binding and capsid
assembly (Table 4 Eq. 1, 2). Calculations of association constants Kcgpgia
and Kcpc were based on the equilibria and mass-conservation law
(Table 4 Eq. 3, 4). The equilibrium between Cp149, and capsid is re-
presented by, K. (Table 4 Eq. 5). Equations were recast in terms of
capsid and CPC bound Cp149, concentrations (Table 4 Eq. 6, 7). The
approach in calculating K qpsiq using a 120th power multivariate func-
tion would yield consistent results for free dimer concentration in ap-
proximation. Consequently, capsid and CPC bound dimer concentra-
tions is expressed to be linearly and inversely proportional to each
other. [Cp149, |70 and [CPClroq are already known and values for
[Capsid] and Kqpsa were determined experimentally (Zlotnick et al.,
2002). Capsid assembly detected by immunoblot was interpreted,
postulating the absence of protomer oligomers other than the capsid.
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Fig. 3. Inhibition of HBV capsid assembly by CPC in vivo.

CPC concentration

A. Sucrose density analysis of capsid assembly with DMSO, 200 pM SA, 200 pM BS, or 20 uM CPC. Non-assembled core protein (a), Fully-assembled core protein (b),
Full-assembled core protein with 200 uM SA (c), 200 uM BS (d), 20 uM CPC (e) treatment.

B. Quantitation of HBV DNA following treatment with CPC (0-1 pM) in HepG2.2.15 cells.

C. Relative DNA quantity at the viral RNA transcription step of the HBV life cycle from HepG2.2.15 in a series of varying CPC concentration treatment.

D. HepG2.2.15 cell viability at series of CPC concentrations.

HBV, Hepatitis B virus; CPC, Cetylpyridinium chloride; DMSO, Dimethyl sulfoxide; SA, Sulfanilamide; BS, Benzenesulfonamide.

The CPC association constant was calculated and the inhibition curve
was plotted with extrapolated prediction curve. Microscale thermo-
phoresis was interpreted based on the superpositional expression of
normalized fluorescence (Table 4 Eq. 8). The Soret coefficient was ap-
proximated for capsid particle in terms of Cpl49, soret coefficient,
based on geometrical symmetry and solvent accessibility calculation.
Capsid structure was modeled into a spherical symmetric geometry for
area calculation and virtual mole fraction coefficient of the capsid.
Optimal Soret coefficients and assembly inhibitor association constants
were found using the bisection method up to two significant digits. A
thermophoretic curve was computed and CPC association constant was
obtained (Baaske et al., 2010).

2.8. Circular dichroism (CD) analysis

CD analysis was carried out with J-815 (Jasco, Oklahoma City,
USA). Spectra were measured using 1nm bandwidth, scan speed
50 nm/min, response time of 1s and three accumulations. The CD
measurements were made using a quartz cuvette with a 1cm path
length and total protein concentration of 0.1 mg/mL. Values were
measured by Spectra manager and Spectra analysis version 2.01 A
program (Zlotnick et al., 2002).

2.9. Transmission electron microscopy (TEM)

For negative staining, 10 puL of assembled Cpl49 samples were
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applied to each carbon-coated grid, and were incubated for 1 min; the
grid was stained with 2% uranyl acetate. TEM was conducted on a
LIBRA 120 (Carl Zeiss, Oberkochen, Germany) operating at 120 KV at
the NICEM (National Instrumentation Center for Environmental
Management, Seoul, South Korea). Three conditions including condi-
tion without capsid assembly, condition with capsid assembly, and
condition with capsid assembly under 20 pM CPC treatment were im-
aged with electron microscopy. Numbers of capsid particles in
equivalent size of area were counted. Capsid particles were classified
into three categories: normal, broken, or aberrant capsid. Broken capsid
was defined as a spherical, capsid-like structure that is partially broken.
Aberrant capsid was defined as a particle that has detectable size (Kang
et al., 2006).

2.10. Mouse model system

The HBV genome (from Wang-Shick Ryu, Addgene plasmid
(#51294; Addgene, Watertown, USA)) was cloned into the pAAV vector
to generate the HBV replicative plasmid pAAV-HBV1.2 X . Six-week-
old male C57BL/6 mice were injected with the plasmid via the tail vein
(n = 5/group) and then injected intramuscularly with CPC (272 ng/kg/
day) daily. Serum samples were collected daily from the orbital sinus of
the mice to measure HBV DNA by real-time PCR. The animals were
sacrificed by CO,, gassing 4 days after injection of pAAV-HBV1.2 x . All
animal studies were conducted in accordance with ethical regulations
under protocols approved by the Institutional Animal Care and Use
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Fig. 4. Transmission electron micrographs of untreated and CPC-treated Cp149 capsids.

A. Non-assembled Cp149.

B. Fully assembled Cp149 in reaction buffer at 37 °C with no treatment.
C. Magnified image of fully assembled capsid particle with no treatment.
D. Assembled Cp149 with 20 uM CPC treatment.

E. Magnified image of broken capsid particles after 20 pM CPC treatment.
Cp149, Core protein 149; CPC, Cetylpyridinium chloride.

Table 2

Capsid particle classification. Capsid particles in each case, pre-reaction, post-
reaction, and post-reaction with 20uM CPC treatment, were counted and
classified into one of the following categories: normal capsid, broken capsid,
and abnormal capsid. Broken capsid was defined as those that resemble normal
capsids, but with significantly disrupted spherical structures. Abnormal capsids
have significant size but, resemble neither normal capsid nor broken capsid.
Most particles classified as abnormal capsids were amorphous aggregates with
similar sizes as capsids.

Capsid counts

Number Normal Broken Abnormal Total
forms counts
Non-assembled 40 2 (4.65%) 1 (2.32%) 43
Fully assembled 944 49 (4.78%) 31 (3.02%) 1024
Cetylpyridinium 83 203 (51.26%) 110 (27.77%) 396
chloride

Committee of CHA University (IACUC-170049).

3. Results

3.1. Capsid assembly assay revealed that CPC is a potent drug for abolishing
HBV

HepG2.2.15 cells were treated with FDA-approved chemicals (Cat.
L1300, 978 drug compounds library version, Selleckchem, Houston,
USA). Out of the 978 chemicals approved by the FDA, 100 chemicals
that induced the greatest reduction in viral particles, as assessed by
real-time PCR, were selected as first candidates. First candidates were

tested for HBV capsid assembly inhibition, and top 10 candidates were
selected for further analysis (Fig. 1A, Table 1). The HBV core protein
Cpl49 was treated with 6 out of the 10 chemicals, including CPC
(0-20 uM) (Fig. 1B-G). Among the 6 candidates, CPC showed the most
effective capsid assembly inhibition with an ICso of 2.5 + 0.5 uM while
other candidates (AMO, TPH, FLU, GLI, TET) showed ICs, greater than
5uM (Fig. 1B-G). CPC was more effective in inhibiting HBV viral re-
plication than other drug candidates (Fig. 1H). These data suggested
that CPC is effective in blocking HBV capsid assembly.

3.2. CPC interacted and induced conformational change in the HBV Cp149
dimer

The monolith assay is based on thermodynamic changes that denote
interactions between proteins and small molecules (Timofeeva et al.,
2012). Results indicated that CPC interacts with the HBV Cp149 dimer
(Fig. 2A). Anti-HBcAg antibodies (Smith et al., 2012) and DMSO were
used as positive and negative controls, respectively (Fig. 2B, 2C). CPC
showed interaction propensity, unlike DMSO (Fig. 2). Automatically
calculated dissociation constants for 1:1 stoichiometric 1°* order reac-
tions were 9.9776 uM and 2.2998 uM for CPC and anti-HBcAg antibody,
respectively. Dissociation constant for DMSO was undefined, indicating
that DMSO doesn’t interact with the Cp149 dimer (Fig. 2). CPC did not
show interaction with other antibodies and proteins. CPC had se-
lectivity to Cp149 dimer (Figure S1, S1B).

CD was measured for the core protein. DMSO treated core protein
did not show significant alterations in molar ellipticity, while core
protein treated with BS, a positive control, did. Also, CPC treated core
protein showed a propensity for alteration, indicating that analogous
conformational changes are induced in the secondary structure
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Fig. 5. Modeling and numerical interpretation of capsid assembly inhibition.

A. Cp149 dimer model and binding site candidate constructs in lateral (top) and top (bottom) view. The receptor cavity site of dimeric Cp149 for interacting with the
CPC molecule is depicted as a mesh of colored dots and transparent red sphere. The CPC molecule is depicted in a CPK model.

B. Docking simulation of CPC. Residues predicted to be involved in the Cp149-CPC interaction; PHE23, PRO25, ASP29, LEU30, THR33, TRP102, SER106, PHE110,
THR114, VAL115, TYR118, LEU119, and ASN136 are depicted in the stick model and CPC in the CPK model. The secondary structure of other residues in Cp149 is
depicted in the flat ribbon model.

C. Capsid assembly assay with HBV Cp149 in a series of CPC concentrations. Relative capsid amount was quantified from the intensity of bands obtained by
immunoblot analysis. Assembly inhibition curve and computationally extrapolated prediction curve were plotted.

D. Microscale thermophoresis assay with HBV Cp149 in a series of CPC concentrations. Normalized fluorescence intensity was interpreted by the superpositional
expression of thermophoresis between capsid and dimer. Thermophoresis curve and computationally derived prediction curve were plotted.

CPC association constant, R square and P-value were noted.

Cp149, Core protein 149; CPC, Cetylpyridinium chloride; CPK, Corey-Pauling-Kortum; HBV, Hepatitis B virus.

Table 3

Inhibitor affinity derived in numerical interpretation. Capsid assembly and microscale thermophoresis results were interpreted based on the non-competitive in-
hibition model. Inhibitor association constants for CPC, SA, and BCM-599 were derived from arithmetic operations. R square values for the fit curve were marked
separately.

Name Capsid assembly Microscale thermophoresis
association constant R square association constant R square
Cetylpyridinium Chloride(CPC) 1.0 + 0.5 WM™ 0.97 1.2 + 0.9 WM™ 0.99
Sulfanilamide(SA) 0.11 + 0.06 (uM™1) 0.96 0.3 £ 0.1 wM™1) 0.99
BCM-599 0.25 = 0.11 WM™ 0.99 05 + 0.2 WM™ 0.99
(Fig. 2D). determined the in vitro activity of CPC using HepG2.2.15 cells

(Fig. 3B-D), since HepG2.2.15 cells release HBV virus particles. CPC

inhibited HBV biogenesis in HepG2.2.15 cells; both intracellular and

3.3. CPC suppressed HBV biogenesis by interfering with capsid assembly extracellular HBV DNA were significantly reduced (Fig. 3B). Mean-

while, equivalent amounts of viral RNA was measured in the control

We performed sucrose density analysis using Cp149 and CPC. CPC group of HepG2.2.15 cells and cells treated with CPC (Fig. 3C).
markedly decreased the amount of capsid (Fig. 3A). Next, we

108



H.W. Seo et al. Virus Research 263 (2019) 102-111

Table 4

Equations used in numerical analysis of capsid assembly inhibition. Equilibrium of CPC binding reaction (Eq. 1.) and capsid assembly reaction (Eq. 2.) were set as a
competing equilibrium by sharing dimeric core protein term in both equations. Mass conservation law for core protein conservation (Eq. 3.) and CPC conservation
(Eq. 4.) were formulated with concentration terms. Core association constant was derived from capsid assembly reaction equilibrium (Eq. 5.). Core protein con-
servation equation was recasted in terms of capsid and CPC bound dimeric core protein concentration terms using core protein association constant (Eq. 6.). CPC
association constant was derived from CPC binding reaction equilibrium (Eq. 7.). CPC association constant equation was used to obtain CPC association constants.
Normalized fluorescence intensity in core protein thermophoresis was formulated as a superposition of normalized fluorescence intensity terms of capsid, CPC bound
core protein dimer, and unbound core protein dimer (Eq. 8.) St denotes soret coefficient for dimeric core protein. Soret coefficients for CPC bound and unbound
dimeric core proteins are assumed to be same.

Equation number Formula Description
Eq. 1. Cpl49, + CPC «<=Cp149,+CPC CPC binding equilibrium
Eq. 2. 120Cp149, <= Capsid Capsid assembly equilibrium
Eq. 3. [Cp149,]rotal = 120[Capsid] + [Cp149,] + [Cp149,+CPC] Core protein conservation
Eq. 4. [CPClrotal = [Cp149,+CPC] + [CPC] CPC conservation
Eq. 5. Keapsid = [Capsid]/[Cp149,]'2° Core association constant
Eq. 6. [CP149,]roral = 120[Capsid] + 12%/% + [Cp149,+CPC] Core protein conservation recasted
Eq. 7. Kepe = [Cp149; « CPCJ‘ CPC association constant
([CPClrotal — [Cp149; « CPCI)I2[Capsid] / K capsid
Eq. 8. Frorm = 25[Capsid](1 — S0STAT) + ([Cp149;] + [Cp149, « CPC])(1 — STAT) Thermophoresis fluorescence intensity

25[Capsid] + [Cp149;] + [Cp149; « CPC]
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Fig. 6. Antiviral activity of CPC in a mouse model of HBV infection and combinational effect of CPC and LAM.

A. Relative virion concentrations after different combination treatments with CPC and LAM.

B-C. Mice serum HBV DNA levels after 2day (B) and 3day (C) CPC (30 pg/kg) intramuscular injection analyzed by quantitative real time-PCR. Control group was
injected intramuscularly with DMSO (1:1000 dilution).

Values are mean =* standard error of the mean (SEM, n = 4 per group); *p < 0.05, **p < 0.01, t test.

CPC, Cetylpyridinium chloride; LAM, Lamivudine; HBV, Hepatitis B virus.

HepG2.2.15 cells showed consistent cell viability when treated with required conformational compression along the inter-dimer interaction
CPC concentrations between 0-1 uM (Fig. 3D).TEM images also showed residues. C-terminal residues, compressed by the neighboring dimer,
that capsid assembly inhibition was induced by CPC (Fig. 4). TEM enclosed the groove structure, which obstructed ligand access. The
images of capsid assembly with no treatment displayed that circular structure in dimeric Cp149 was found to be more relaxed and capable of

particles with diameters of 30-35nm were detected, and resembled ligand binding. The binding strength between Cp149 dimer and CPC

bright rings with dark centers (Fig. 4B, C). However, CPC decreased was 8.5 kcal/mol. CPC was predicted to be capable of binding to di-

capsid formation; capsid particles exhibited ruptures and asymmetric meric CP149 (Fig. 5). The results were consistent with thermophoresis

modifications (Fig. 4D, E, Table 2). outputs in monolith assay (Fig. 2A-C), thus confirming that CPC binds
directly to the HBV Cp149 dimer (Leis et al., 2010).

3.4. Docking modeling between HBV Cp149 dimer and CPC using in silico

computer simulation 3.5. Numerical illustration of CPC arisen constrain on capsid assembly
The single bonds of the CPC along the saturated hydrocarbon chain In the HBV capsid structure, a dimeric core protein subunit binds to
are rotatable (Meleshyn, 2009). Among the computed candidate 4 adjacent dimer core protein subunits (Wynne et al., 1999). From the
binding sites, a groove-like structure located between residues 23-33, docking simulation model, the binding site of CPC on dimeric core
102-119, and 136 with a volume of 96 cubic angstrom, was given protein was predicted not to be the binding sites between adjacent di-
multiple possible conformations for receptor-ligand docking meric core protein subunits in capsid structure (Figure S2A). Virtual
(Venkatachalam et al., 2003) (Fig. 5A, B). The flexible carbon chain was mole fraction coefficient of capsid was derived as 25 from symmetric
reshaped to fit into the Cp149 dimer cavity; the interaction energy capsid model (Figure S2B). Accordingly, we hypothesized that CPC is a
stabilized the Cp149 dimer-CPC complex. The groove structures in di- non-competitive inhibitor and set a competing equilibrium between
meric and hexameric Cp149, differed in spatial occupation and ligand binding of CPC and capsid assembly (Figure S2C). Inhibitor association
accessibility. Surface-to-volume ratio of the cavity was larger and more constants K; for CPC, SA and BCM-599 were calculated from the capsid

partitioned in the hexameric model. In addition, hexameric Cp149 assembly results (Figs. 5, S3) (Cho et al., 2014). The capsid assembly
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Table 5

ICso values and CI index of inhibitor cetylpyridinium chloride - lamivudine
cocktails. Variable combinational treatment of CPC and LAM was analyzed
using the compusyn program. Combination ratio defined as CPC concentration
to LAM concentration (12, 4, 3, 2, 1.5, 1, 0.67, 0.5, and 0.33: 1) were treated
with LAM concentrations (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1uM).
HepG2.2.15 extracellular HBV DNA was collected and quantified using real
time PCR. Drug inhibitory effect was calculated as the fraction of decrease in
HBV viral DNA compared to the control. ICso (M) and Cl-values were analyzed
for individual ratios. Synergistic effect is marked from normal indication for
reference.

Combination ratio IC50(1M) Cl-value Synergic effect
Pure CPC 0.25 1 ++ +
12:1 0.154 0.551
4:1 0.140 0.376 +++
3:1 0.145 0.796 ++
2:1 0.102 0.803 ++
15:1 0.105 0.811 ++
1:1 0.079 0.875 +
0.67:1 0.076 0.862 +
05:1 0.078 1.110 -
0.33:1 0.065 0.920 *
Pure 3TC 0.023 1

All combination ratios are expressed as (CPC amount): (Lamivudine amount)
was calculated with Compusyn software.

ICsp is half maximal inhibitory concentration that means measure of the po-
tency of substance in inhibiting a specific biological function.

Cl-value (Combination index) is a criteria that indicates synergism, additive
effect and antagonism.

inhibition was plotted with the prediction curve, which was extra-
polated with the CPC association constant (Fig. 5C, Table 3). Microscale
thermophoresis data was analyzed and plotted with the computed
thermophoresis curve (Fig. 5D, Table 4). The CPC binding association
constant was calculated to be 1.0 = 0.5uM~' in capsid assembly,
while in the monolith assay, the optimal association constant was
1.2 + 0.9uM™? (Fig. 5C, D). SA and BCM-599 showed weaker asso-
ciations compared to CPC (Figure S3, Table 3).

3.6. Combination of CPC and LAM shows synergistic effect

When treated with both CPC and LAM, HBV virion concentration
decreased more compared to single treatments of CPC and LAM alone
(Fig. 6A). To determine whether treatment of both CPC and LAM re-
duced the HBV viral concentration synergistically, we calculated CI
values using a dose-effect curve (Figure S4A), a combination of index
plot (Figure S4B), and an isobologram (Figure S4C) marked by CPC,
LAM, and Mix (CPC + LAM). As a result, we confirmed that the virion
concentration was reduced synergistically because of CPC and LAM
treatment (Figs. 6A, S4). In particular, 0.142uM CPC with 0.012 M
LAM, and 0.112 uM CPC with 0.028 uM LAM showed strong synergistic
effects (Table 5).

3.7. CPC showed antiviral effect in a mouse model of HBV infection

We tested the anti-HBV activity of CPC using mouse model. CPC
suppressed serum HBV DNA levels, decreased by 60% in day2 and 45%
in day3 compared to the control (Fig. 6B, C). These results demonstrate
that CPC represses HBV biogenesis by inhibiting the conversion of di-
meric Cp149 to capsid structures through receptor ligand interaction
with free dimeric subunits (Figure S4D). Together, these findings in-
dicate that CPC is a potent drug for abolishing HBV.

4. Discussion

Nucleos(t)ide analogues such as adefovir, tenofovir, and entecavir
have been used for treating patients with HBV-related liver diseases
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(Fabrizi et al., 2004). These drugs target RTs, however, RT-targeting
drugs have low efficiency, which leads to increasingly high drug dose
and drug resistance (Fabrizi et al., 2004). Therefore, new potent anti-
viral compounds capable of inhibiting viral proliferation through dis-
tinct mechanisms are highly desired (Dawood et al., 2017). We tested
HBV capsid assembly inhibition effect for 978 FDA-approved drugs for
novel drug compound selection and compared CPC with other pre-
viously known capsid assembly inhibitors (SA, BS) (Cho et al., 2013).
The viral life cycle of HBV, including virion maturation and genome
duplication, is highly dependent on capsid assembly (Yang and Lu,
2017). Accordingly, capsid assembly inhibition is a good antiviral
target for HBV treatment to effectively suppress HBV infection (Ren
et al., 2017). Thus, in this study, we focused on searching for potential
drug compound that inhibits HBV capsid assembly. Among the 978
FDA-approved drug compounds (Cat.L1300, 978 drug compounds li-
brary version, Selleckchem, Houston, USA), we selected CPC as an ef-
fective candidate that reduces viral replication. CPC selectively inter-
acted with HBV core protein dimer and inhibited capsid assembly in
vitro (Figs. 1A, B, S1B). CPC also showed an insignificant impact on cell
viability (up to 1 pM) while reducing the number of virus particles in
HepG2.2.15 cells that release HBV virus and mice that possess HBV
virus with hydrodynamic model system (Figs. 3B-D, 6 B, C). It can be
deduced that CPC is an effective anti-HBV capsid assembly inhibitor.
Nonetheless, further studies including examination on combination
effect between CPC and HBV reverse transcriptase inhibitors other than
lamivudine and confirmation of CPC antiviral effect in diverse in vivo
conditions including mouse models are needed.

CPC functions as an antiseptic that kills bacteria and other organ-
isms (Lee et al., 2017). It has also been widely used in pesticides and
mouthwashes (Lee et al., 2017). According to the ADMET data, CPC had
low penetration and absorption due to its hydrophobicity and low polar
surface area, which are disadvantageous for drug delivery (Table 1). For
use in clinical settings, a sufficient plasma concentration must be
achieved. Therefore, we propose supplements that can help penetrate
cells to maximize the inhibitory effect of CPC.

There are several nucleos(t)ide analogues, including LAM, that
target HBV-RT (Stein and Loomba, 2009). We showed a synergistic
effect on HBV replicative inhibition in HepG2.2.15 cell when treated
with both LAM and the capsid assembly inhibitor CPC (Fig. 6A). Si-
milarly, our previous study reported that the capsid assembly inhibitor
BCM-599 also showed a synergistic effect when treated with LAM (Cho
et al., 2014). Intracellular replication is expected to increase by capsid
assembly increase. Also it is reported that HBV capsid assembly is be-
lieved to activate the reverse transcription (Ceres et al., 2004). Thus, it
is conceivable that reverse transcription stage, of which nucleoside
analogues target, and capsid assembly stage, of which CPC targets, may
not be independent and give rise to the synergistic effect. Inhibition of
the encapsidation stage may reduce the amount of pgRNA encapsidated
within the viral capsid and subsequently influence the reverse tran-
scriptase inhibition. Synergistic effect may be expressed through such
mechanism. Together, these results indicated effective HBV viral bio-
genesis inhibition induced by co-treatment with nucleos(t)ide analogue
drugs and capsid assembly inhibitors.

Here, we identified CPC as a novel HBV inhibitor with in vivo and in
vitro systems and demonstrated that CPC induces HBV inhibition
through inhibition of viral capsid assembly. These effects were con-
firmed by TEM and mouse model. Overall, our findings contribute to
the development of effective inhibitors against HBV biogenesis.
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