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Capsid Allosteric Modulators Enhance 
the Innate Immune Response in Hepatitis 
B Virus– Infected Hepatocytes During 
Interferon Administration
Keisuke Fukutomi ,1 Hayato Hikita,1 Kazuhiro Murai ,1 Tasuku Nakabori,1 Akiyoshi Shimoda,1 Makoto Fukuoka,1 
Takuo Yamai,1 Yuichiro Higuchi ,2 Kei Miyakawa,3 Hiroshi Suemizu,2 Akihide Ryo,3 Ryoko Yamada,1 Takahiro Kodama ,1 
Ryotaro Sakamori ,1 Tomohide Tatsumi,1 and Tetsuo Takehara1

Capsid allosteric modulators (CAMs) inhibit the encapsidation of hepatitis B virus (HBV) pregenomic RNA (pgRNA), 
which contains a pathogen- associated molecular pattern motif. However, the effect of CAMs on the innate immune 
response of HBV- infected hepatocytes remains unclear, and we examined this effect in this study. Administration of 
a CAM compound, BAY41- 4109 (BAY41), to HBV- infected primary human hepatocytes (PHHs) did not change the 
total cytoplasmic pgRNA levels but significantly reduced intracapsid pgRNA levels, suggesting that BAY41 increased 
extracapsid pgRNA levels in the cytoplasm. BAY41 alone did not change the intracellular interferon (IFN)– stimulated 
gene (ISG) expression levels. However, BAY41 enhanced antiviral ISG induction by IFN- α in HBV- infected PHHs 
but did not change ISG induction by IFN- α in uninfected PHHs. Compared with BAY41 or IFN- α alone, coad-
ministration of BAY41 and IFN- α significantly suppressed extracellular HBV- DNA levels. HBV- infected human liver– 
chimeric mice were treated with vehicle, BAY41, pegylated IFN- α (pegIFN- α), or BAY41 and pegIFN- α together. 
Compared with the vehicle control, pegIFN- α highly up- regulated intrahepatic ISG expression levels, but BAY41 alone 
did not change these levels. The combination of BAY41 and pegIFN- α further enhanced intrahepatic antiviral ISG 
expression, which was up- regulated by pegIFNα. The serum HBV- DNA levels in mice treated with the combination 
of BAY41 and pegIFN- α were the lowest observed in all the groups. Conclusion: CAMs enhance the host IFN re-
sponse when combined with exogenous IFN- α, likely due to increased cytoplasmic extracapsid pgRNA. (Hepatology 
Communications 2022;6:281-296).

Hepatitis B virus (HBV) is a global health con-
cern. The World Health Organization esti-
mates that 887,000 people living with HBV 

died in 2015, and most of these deaths occurred due 
to cirrhosis or hepatocellular carcinoma.(1) The goal of 

chronic hepatitis B (CHB) treatment is to prevent the 
development of cirrhosis or hepatocellular carcinoma, 
and the ideal goal of antiviral therapy is to eliminate 
viral covalently closed circular DNA (cccDNA) and 
genome- integrated viral DNA from the host liver. 

Abbreviations: BAY41, BAY41- 4109; CAM, capsid allosteric modulator; cccDNA, covalently closed circular DNA; CHB, chronic hepatitis B; 
DAPI, 4′,6- diamidino- 2- phenylindole; dpi, days post infection; GEq, genome equivalents; HBc, hepatitis B core; HBeAg, hepatitis B e antigen; 
HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; IFN, interferon; IRF, interferon regulatory factor; ISG, interferon- stimulated gene; 
mRNA, messenger RNA; N.D., not detected; NTCP, sodium- taurocholate cotransporting polypeptide; NUC, nucleos(t)ide analog; OAS1, 2’- 5’- 
oligoadenylate synthetase 1; PCR, polymerase chain reaction; pegIFN- α, pegylated IFNα; pgRNA, pregenomic RNA; PHH, primary human 
hepatocyte; Poly (I:C), polyinosinic- polycytidylic acid; RIG- I, retinoic acid– inducible gene- I; TFV, tenofovir.
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However, it is widely acknowledged that the realistic 
goal of therapy is the persistent suppression of viral 
replication and protein expression, as indicated by the 
sustained loss of hepatitis B surface antigen (HBsAg), 
which is considered a functional cure.(2,3) The cur-
rently available drugs for treating CHB are nucleos(t)
ide analogs (NUCs) and interferons (IFNs). Pegylated 
IFN- α (pegIFN- α) is more effective than NUCs in 
lowering HBsAg levels(2); however, the annual rates 
of HBsAg loss due to treatment with NUCs and 
pegIFN- α are reported to be 1%- 3% and 3%- 4%, 
respectively,(4) which are insufficient for achieving 
functional cures. New drugs with different mecha-
nisms of action and more effective combination ther-
apies need to be developed. To date, new therapeutic 
targets in the viral life cycle and host immune system 
have been studied, and some novel antiviral agents are 
in clinical trials.(5,6)

Capsid allosteric modulators or capsid assembly 
modulators (CAMs) are anti- HBV drugs currently in 
development that are expected to be introduced into 
clinical practice in the near future.(5- 7) CAMs inhibit 
the encapsidation of viral pregenomic RNA (pgRNA) 
by producing empty capsids(8) or by misdirecting HBV 
core (HBc) proteins toward aberrant aggregation and 
degradation.(9, 10) The inhibition of pgRNA encapsida-
tion by CAMs leads to reduction in extracellular HBV 
pgRNA levels, as previously described in in vitro(11,12) 
and in vivo(13) studies. On the other hand, the decrease 
in encapsidated pgRNA by CAMs may result in an 
increase in the amount of nonencapsidated pgRNA in 
the cells. HBV pgRNA contains a pathogen- associated 
molecular pattern (PAMP) motif recognized by 

retinoic acid– inducible gene- I (RIG- I),(14) and the 
host IFN response is transiently induced early after 
HBV infection.(14,15) On the other hand, HBV barely 
induces the host IFN response in the context of chronic 
infection.(16,17) CAMs may cause some changes in 
the intracellular immune response against pgRNA by 
inhibiting the encapsidation of pgRNA. Klumpp et 
al.(13) previously reported that intrahepatic interferon- 
stimulated gene (ISG) expression did not differ 
between livers of HBV- infected human liver– chimeric 
uPA/SCID mice treated with CAM and pegIFN- α 
for 42 days and those treated with pegIFN- α alone for 
42 days. However, there has been minimal discussion 
about the effect of CAM treatment on the intracellular 
IFN response in HBV- infected hepatocytes, especially 
in the early phase of treatment. In the present study, 
we aimed to elucidate the effect of CAM treatment on 
intracellular HBV pgRNA and host IFN responses at 
the early phase of treatment.

Materials and Methods
geneRation oF Human 
liVeR–  CHimeRiC miCe

TK- NOG- based human liver- chimeric mice(18) 
were generated and provided by the Central Institute 
for Experimental Animals, Kawasaki, Japan. Serum 
human albumin levels were measured as described pre-
viously,(19) and the human liver replacement rate was 
estimated according to a formula described in a pre-
vious report(20) (Supporting Materials and Methods).
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isolation anD CultuRe oF 
pRimaRy Human HepatoCytes 
FRom Human liVeR– CHimeRiC 
miCe

Primary human hepatocytes (PHHs) were iso-
lated from human liver– chimeric mice with estimated 
human liver– replacement rates of greater than 70% 
using a two- step collagenase- pronase liver perfusion 
method, as previously described.(19) The PHHs were 
seeded on type I collagen- coated plates (AGC Techno 
Glass Co., Ltd., Shizuoka, Japan) and cultured with 
medium (Supporting Materials and Methods), which 
was changed every 5 days. All of the experiments were 
initiated within 7 days after the isolation of the cells 
from the murine livers.

poly (i:C) tRansFeCtion
Low molecular weight poly (I:C) (InvivoGen, San 

Diego, CA) was transfected using Lipofectamine 
2000 Transfection Reagent (Thermo Fisher Scientific, 
Waltham, MA) and Opti- MEM (Thermo Fisher 
Scientific), according to the manufacturer’s protocol.

HBV inoCulum pRepaRation 
anD HBV inFeCtion

In in vitro experiments, HBV derived from the 
culture supernatants of Hep38.7- tet cells that produce 
HBV serotype ayw(21,22) was used as the inoculum. The 
culture supernatants were collected 4 times at 7- day 
intervals, passed through a 0.45- μm filter (Merck 
Millipore, Billerica, MA), and concentrated by 30- fold 
using 8% PEG8000 (Promega, Madison, WI), 0.1 M 
NaCl, and 0.01 M 4- (2- hydroxyethyl)- 1- piperazine 
ethanesulfonic acid. PHHs were cultured with the 
HBV inoculum for 24  hours in the presence of 4% 
PEG8000. After incubation with the indicated 
genome equivalents (GEq)/cell HBV inoculum, the 
cells were washed twice.

In in vivo experiments, the serum of a patient with 
CHB (genotype C, 9.29 log copies/mL) was used. 
The experiments were approved by the institutional 
review board for Clinical Research at Osaka University 
Hospital (12050). Written informed consent was 
obtained from the patient. The patient’s serum was 
diluted 100- fold with saline. Human liver– chimeric 
mice with estimated human liver– replacement rates 
of greater than 40% were intravenously injected with 

100 μL of diluted serum. All of the mice were male. 
The median age of the mice was 24  weeks, and the 
mean serum human albumin level at the time of infec-
tion was 3.75  mg/mL. Blood samples were collected 
from the external jugular vein, and serum HBV- DNA 
levels were measured.

CompounDs
BAY41- 4109 (BAY41), tenofovir (TFV), IFN- α 

(Sumiferon), and pegIFN- α2a solution (0.09 mg/mL; 
PEGASYS) were purchased from Shanghai Haoyuan 
Chemexpress Co., Ltd. (Shanghai, China), Fujifilm 
Wako Pure Chemical Corp. (Osaka, Japan), Sumitomo 
Dainippon Pharma Co., Ltd. (Osaka, Japan), and 
Chugai Pharmaceutical Co., Ltd. (Tokyo, Japan), 
respectively. A CAM- N tool compound (CAM- N) 
was provided by Janssen Pharmaceutica NV (Beerse, 
Belgium). In the in vitro study, the compounds were 
diluted to the target concentrations with DMSO 
and culture media. In the in vivo study, BAY41 was 
administered with 0.5 wt%/vol% Methyl Cellulose 
400 Solution (Fujifilm Wako Pure Chemical Corp.), 
and pegIFN- α2a solution was diluted 36 times in 
phosphate- buffered saline before injection.

pHH ViaBility
In vitro, PHH viability was evaluated using WST- 8 

assays with cell count reagent kit (07553; Nacalai 
Tesque, Kyoto, Japan). The absorbance was measured 
at 450 nm with VARIOSKAN LUX (Thermo Fisher 
Scientific) according to the manufacturer’s instruc-
tions. PHH viability was also evaluated by analyzing 
the confluency of PHHs with Incucyte S1 (Sartorius, 
Göttingen, Germany).

tReatment oF HBV- inFeCteD 
Human liVeR– CHimeRiC miCe

HBV- infected human liver– schimeric mice with 
serum HBV- DNA levels of greater than 4.1  log IU/
mL 10  weeks following infection were included in 
the treatment experiment. The mice were assigned to 
four treatment groups based on their HBV- DNA lev-
els at the beginning of the treatment. The mice were 
administered 100  μL of 0.5 wt%/vol% methyl cellu-
lose (vehicle control), 40 mg/kg BAY41 twice daily by 
oral gavage, 25  μg/kg pegIFN- α (2.5  µg/mL) twice 
weekly by subcutaneous injection, or a combination 
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of BAY41 and pegIFN- α for 14  days. Blood sam-
ples were collected on days 7 and 14. At the end of 
the treatment, the mice were sacrificed, and the livers 
were collected for RNA and DNA extraction.

measuRement oF HBsag, 
Hepatitis B e antigen, anD 
HBV- Dna leVels

The HBsAg levels were measured in in vitro samples 
and in 50- fold dilutions of in vivo serum samples using 
an chemiluminescent enzyme immunoassay (CLEIA; 
LUMIPULSE Presto HBsAg- HQ; Fujirebio, Tokyo, 
Japan; lower limit of detection = 0.005 IU/mL). The 
hepatitis B e antigen (HBeAg) levels were measured 
in in vitro samples using CLEIA (LUMIPULSE 
Presto HBeAg, Fujirebio; lower limit of detec-
tion = 1.0 cutoff index). The HBV- DNA levels were 
measured using the cobas 6800/8800 system HBV 
(Roche Diagnostics, Tokyo, Japan; lower limit of 
detection = 1.0 log IU/mL). The samples were diluted 
10- fold (in vitro experiments) or 100- fold (in vivo 
experiments) for analysis.

FluoResCenCe 
immunostaining

PHHs were seeded on type I collagen- coated 
chamber slides (Corning Inc., Corning, NY). 
Fluorescence immunostaining was performed as pre-
viously described.(23) The anti- HBc antibody clone 
7B2(23) was used as the primary antibody, and goat 
anti- mouse immunoglobulin G (IgG) conjugated 
with Alexa Fluor 594 (Cell Signaling Technology, 
Danvers, MA) was used as the secondary antibody to 
detect intracellular HBc protein. The cell nuclei were 
stained with 4′,6- diamidino- 2- phenylindole (DAPI), 
and the stained cells were analyzed with EVOS FL 
Auto 2 (Invitrogen, Thermo Fisher Scientific).

immunoHistoCHemistRy
The liver tissue of human liver chimeric mice was 

fixed with 4% (vol/vol) phosphate- buffered forma-
lin. Paraffin- embedded sections were immunostained 
with anti- human albumin antibodies (A80- 129 A; 
Bethyl Laboratories Inc., Montgomery, TX) and anti- 
HBV core antigen antibodies (B0586; Dako, Agilent, 
Santa Clara, CA).

WesteRn Blot
The western blot procedures were performed 

as previously described.(24) Anti- β- actin mono-
clonal antibody (Sigma- Aldrich, St. Louis, MO) 
and anti- HBc antibody clone 7B2(23) were used to 
detect human β- actin and HBc protein, respectively. 
Horseradish peroxidase– conjugated anti- mouse IgG 
(Cytiva, Tokyo, Japan) was used as the secondary anti-
body. HBc protein levels were calculated using ImageJ 
software(25) and normalized to β- actin protein levels 
in each sample. The results are presented as relative 
levels with the levels of each control set to 1.

Rna eXtRaCtion anD ReVeRse- 
tRansCRiption QuantitatiVe 
Real- time polymeRase CHain 
ReaCtion

Total RNA was extracted from PHHs and liver 
tissues using the RNeasy Mini Kit (Qiagen, Valencia, 
CA) according to the manufacturer’s protocol. For the 
analysis of the pgRNA levels, the prepared RNA was 
treated with DNase using the RNase- Free DNase Set 
(Qiagen). The RNA was reverse- transcribed using 
ReverTraAce qPCR RT Master Mix (Toyobo, Tokyo, 
Japan) and subjected to quantitative real- time poly-
merase chain reaction (PCR) using the QuantStudio 6 
Flex Standard Real- Time System (Applied Biosystems, 
Thermo Fisher Scientific). The mRNA expression lev-
els of specific genes were quantified using the TaqMan 
Gene Expression Assays (Thermo Fisher Scientific) 
listed in Supporting Table S1. The primer sets listed 
in Supporting Table S2 were used for detection of 
Genotype D and Genotype C pgRNA. The expression 
levels of all the target genes were normalized to the 
quantified expression levels of human β- actin messen-
ger RNA (mRNA). All results are presented as relative 
levels with the levels of each control set to 1 unless 
otherwise indicated in the figure legends.

eXtRaCtion oF CytoplasmiC 
total pgRna anD intRaCapsiD 
pgRna anD QuantiFiCation 
By ReVeRse- tRansCRiption 
QuantitatiVe Real- time pCR

To analyze the cytoplasmic total HBV pgRNA and 
intracapsid pgRNA, the protocol reported by Jeong 
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et al.(26) was modified. The cells were treated with a 
lysis buffer composed of 0.05 M Tris/HCl, 0.01 M 
ethylene diamine tetraacetic acid and 1% NP- 40. 
The lysates were centrifuged at 4°C for 15 minutes at 
13,500 rpm, and the supernatants were collected and 
considered the cell cytoplasm lysate containing HBV 
capsids. The lysates were divided into two portions 
of equal amounts. One portion was subjected to total 
RNA extraction using the mirVana PARIS RNA and 
Native Protein Purification Kit (Invitrogen) accord-
ing to the manufacturer’s protocol. The other portion 
was treated with recombinant DNase I (Takara Bio, 
Shiga, Japan), RNase (Roche, Basel, Switzerland), 
and 5  mM CaCl2 and MgCl2 for 3  hours at 37°C 
to degrade the extracapsid nucleic acids; intracapsid 
RNA was then extracted using the same kit. The 
extracted RNA was treated with DNase, reverse- 
transcribed, and subjected to quantitative real- time 
PCR as described previously. The intracapsid pgRNA 
levels per cell were normalized to the cytoplasmic 
total β- actin mRNA levels, which was measured 
using a sample that was initially divided to extract the 
total RNA of the cell.

Dna eXtRaCtion anD HBV 
cccDna leVel QuantiFiCation 
By QuantitatiVe Real- time 
pCR

Total DNA was prepared from PHHs and liver 
tissues of human liver– chimeric mice using a Biamp 
DNA Mini Kit (Qiagen) and DNeasy Blood and 
Tissue Kit (Qiagen), respectively, according to the 
manufacturer’s protocols. To remove single- stranded 
DNA and double- stranded linear DNA, 165  ng of 
the total DNA from each PHH sample and 500  ng 
of the total DNA from each liver tissue sample were 
digested overnight at 37°C with 10 U of Plasmid- Safe 
ATP- Dependent DNase (Lucigen Corp., Middleton, 
WI). The digested DNA was purified and precip-
itated using sodium acetate, glycogen, and ethanol. 
The primer sets listed in Supporting Table S2 were 
used for detection of Genotype D and Genotype C 
cccDNA. The quantitative real- time PCR protocols 
were previously described.(19) The levels of cccDNA 
were normalized to the quantified expression levels 
of human RNase P using the TaqMan Copy Number 
Reference Assay (Applied Biosystems).

statistiCal analysis
The data are presented as the mean  ±  SEM. The 

differences between two groups in the in vitro and in 
vivo studies were determined using Student t test. For 
comparisons between multiple groups in the in vitro 
and in vivo studies, analysis of variance was performed 
to detect an overall difference among the groups, fol-
lowed by the Tukey- Kramer test. A value of P < 0.05 
was considered to indicate statistical significance.

Results
isg eXpRession is not inDuCeD 
in pHHs By HBV inFeCtion

PHHs were inoculated with 100 or 1,000 GEq/
cell HBV (Fig. 1A). At 0.5 days post infection (dpi) 
(12  hours after infection), fluorescence immunos-
taining showed that the percentages of PHHs pos-
itive for the HBc protein were 27.3%  ±  2.5% and 
73.2% ± 3.0%, respectively, and that the HBc positive 
rates did not differ between 0.5 and 20 dpi (Fig. 1B). 
Both the intracellular HBc expression levels and the 
intracellular total pgRNA levels significantly increased 
from 0.5 dpi to 20 dpi (Fig. 1C,D). There were no 
differences in the gene- expression levels of ISGs with 
anti- HBV activities(27) between the HBV- infected 
and uninfected PHHs at either 0.5 dpi or 20 dpi 
(Fig. 1E). Next, we examined whether HBV- infected 
PHHs have the ability to induce antiviral ISG expres-
sion in response to poly (I:C), an agonist of RIG- I 
and toll- like receptor (TLR) 3. The antiviral ISGs 
in the HBV- infected PHHs were robustly induced 
in response to poly (I:C) transfection (Fig. 1F). The 
induction of ISGs by poly (I:C) transfection was more 
potent in PHHs compared with HepG2 cells trans-
fected with sodium- taurocholate cotransporting poly-
peptide (HepG2- hNTCP C4 cells) (Fig. 1F).

Cam ReDuCes tHe 
intRaCellulaR pgRna leVels 
in HBV- inFeCteD pHHs

BAY41 is a CAM classified as a heteroaryldihydro-
pyrimidine that misdirects HBc proteins toward aber-
rant assembly into core multimers and leads to their 
intracellular depletion.(9,10,28) PHHs were inoculated 
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with HBV and administered BAY41 or TFV begin-
ning on 20 dpi (Fig. 2A), given that we previously 
reported that it takes approximately 20  days for 

HBsAg levels in the supernatant to plateau after HBV 
inoculation to PHHs.(19) To examine the cytotoxicity 
of BAY41 or TFV, WST assay and cell confluences 
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of BAY41-  and TFV- treated PHHs were examined. 
There was no difference in cell viability assessed by 
WST assay or cell confluences between treated and 
untreated PHHs (Fig. 2B and Supporting Fig. S1). 
Intracellular HBc protein levels and pgRNA levels 
were significantly reduced by BAY41 but not by TFV 
(Fig. 2C,D). On the other hand, both BAY41 and 
TFV reduced HBV- DNA levels, but not HBsAg and 
HBeAg levels, in the culture supernatants (Fig. 2E).

Cam ReDuCes intRaCapsiD 
pgRna leVels peR Cell 
WitHout inDuCing tHe Host 
iFn Response

Next, we examined the effect of a CAM on intra-
cellular HBV pgRNA. BAY41 was administered to 
HBV- infected PHHs beginning 20 dpi for 2, 6 or 
12  days, and intracellular pgRNA levels were evalu-
ated (Fig. 3A). Twelve- day administration of BAY41 
reduced the intracellular total pgRNA levels (Fig. 3B). 
On the other hand, 2- day administration of BAY41 
did not reduce the intracellular total pgRNA levels or 
the cytoplasmic total pgRNA levels, but did reduce 
the intracapsid pgRNA levels per cell (Fig. 3B,C), 
suggesting that extracapsid pgRNA levels increased 
in the cell cytoplasm at this time point with BAY41 
treatment. The decrease in HBc expression per cell 
assessed by western blot (Fig. 2D) and the decrease 
in intracapsid pgRNA levels per cell (Fig. 3C) were 
comparable. When considering that BAY41 inhibits 
encapsidation of pgRNA by misdirecting HBc proteins 
toward aberrant assembly and by depleting HBc pro-
teins,(9,10,28) the decrease in intracapsid pgRNA levels 
detected in PHHs may represent a stronger effect of 
HBc depletion rather than HBc abnormal assemblies. 
Given that pgRNA contains a PAMP motif recog-
nized by RIG- I,(14) we further examined the effect 

of CAM treatment on the host IFN response. The 
administration of BAY41 did not change the gene- 
expression levels of type I and type III IFNs, RIG- 
I, interferon regulatory factor 7 (IRF7), and antiviral 
ISGs in HBV- infected PHHs (Fig. 3D).

Cam enHanCes isg inDuCtion 
By eXogenous iFn in 
HBV-  inFeCteD pHHs

IFNα induces RIG- I and IRF7, which plays an 
important role in the positive feedback regulation of 
the RIG- I pathway.(29) We assessed whether coadmin-
istration of BAY41 enhances the innate IFN response 
in HBV- infected PHHs under administration of 
IFNα (Fig. 4A). Although 6- day or 12- day admin-
istration of IFN- α reduced intracellular total pgRNA 
levels in HBV- infected PHHs, 2- day administration 
of IFN- α did not reduce these levels (Fig. 4B). When 
compared with the administration of IFN- α alone for 
2  days, coadministration of BAY41 with IFN- α for 
2 days did not reduce intracellular total pgRNA levels 
or cytoplasmic total pgRNA levels, but did reduce the 
intracapsid pgRNA levels (Fig. 4B,C). IFN- α admin-
istration alone for 12  hours induced ISGs in HBV- 
infected PHHs, but there was no significant difference 
in ISG levels between cells treated with IFN- α alone 
and cells cotreated with BAY41 with IFN- α at this 
time point (Fig. 4D). Interestingly, coadministration 
of BAY41 with IFN- α for 2  days up- regulated the 
expression of IFN- α- induced ISGs in HBV- infected 
PHHs compared with IFN- α administration alone 
for 2  days, whereas treatment with BAY41 alone for 
2  days did not induce ISGs or IFNs (Fig. 4D). The 
enhancement of ISG and IFN inductions by BAY41 in 
HBV- infected PHHs was also detected at day 6 (Fig. 
4D). In contrast, 2- day or 6- day coadministration of 
BAY41 and IFN- α did not change the IFNα- induced 

Fig. 1. Intracellular ISG expression is not altered by HBV infection. (A- E) PHHs isolated from human liver– chimeric mice were 
inoculated with HBV (100  GEq/cell or 1,000  GEq/cell), and the HBc- positive cell ratio, intracellular pgRNA levels, and antiviral 
ISG expression levels were evaluated at indicated times. Each samples were analyzed after washing. (A) Schematic of the experimental 
procedure. (B) Representative image of fluorescence immunostaining (red, HBc; blue, nucleus). The HBc- positive cell ratio was calculated 
based on the average of four fields of view. (C) Western blot of intracellular HBc protein and its quantifications (n = 3- 4). (D) Intracellular 
total pgRNA levels (n = 4). (E) The mRNA expression levels of antiviral ISGs (n = 4). Dot plot shows individual values. (F) Uninfected 
PHHs or HBV- infected PHHs at 20 dpi were transfected with 0.01 μg/mL Poly (I:C). Two days later, the mRNA expression levels of 
antiviral ISGs were measured (n = 4). For reference, uninfected HepG2- derived NTCP- expressing cells (HepG2- hNTCP C4 cells) or 
HBV- infected (5,000 GEq/cell) HepG2- hNTCP C4 cells at 8 dpi were transfected with 0.1 μg/ml Poly (I:C). Two days later, the mRNA 
expression levels of antiviral ISGs were measured (n = 4). Dot plot shows individual values. The data are shown as the mean ± SEM. 
*P < 0.05.
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Fig. 2. BAY41 reduces intracellular HBc and pgRNA levels. Cells were incubated with HBV inoculum (1,000 GEq/cell) for 24 hours 
and then treated with BAY41 or TFV beginning on 20 dpi. (A) Schematic of the experimental procedure. (B) WST assay at indicated 
days after treatment (n = 6). (C) Representative image of fluorescence immunostaining (red, HBc; blue, nucleus). (D) Western blot of 
intracellular HBc protein after indicated days after treatment, and its quantifications (n = 3- 4). (E) Intracellular total pgRNA, HBV DNA, 
HBsAg, and HBeAg levels in the culture supernatants at the end of the 12- day treatment (n = 4). Each value was compared with that in 
the untreated control. The data are shown as the mean ± SEM. *P < 0.05.
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Fig. 3. BAY41 reduces intracapsid pgRNA levels per cell without inducing the host IFN response. (A- D) Cells were incubated with 
HBV inoculum (1,000 GEq/cell) for 24 hours and treated with BAY41 for 2, 6, or 12 days beginning at 20 dpi. (A) Schematic of the 
experimental procedure. (B) Intracellular total pgRNA levels in untreated PHHs or PHHs treated with BAY41 over time (n = 4- 6). (C) 
Cytoplasmic total pgRNA and intracapsid pgRNA levels per cell after 2 days of treatment with BAY41 (n = 4). The cytoplasmic total 
pgRNA levels and intracapsid pgRNA levels were normalized to the cytoplasmic β- actin mRNA level. (D) The mRNA expression levels 
of IFNs and antiviral ISGs in untreated PHHs and PHHs treated with BAY41 monotherapy (n = 4- 6). The results are shown as relative 
levels with the levels of each data of untreated PHHs set to 1. Dot plot shows individual values. The data are shown as the mean ± SEM. 
*P < 0.05. Abbreviation: N.D., not detected.
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expression of IFNs and ISGs in uninfected PHHs 
compared with 2- day or 6- day IFN- α adminis-
tration alone, respectively (Fig. 4E,F). Twelve- day 

coadministration of BAY41 and IFN- α also failed to 
up- regulate the IFN- α- induced expression of IFNs 
and ISGs in HBV- infected PHHs (Fig. 4D), and the 
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intracellular total pgRNA levels were more suppressed 
in these cells compared with HBV- infected PHHs 
treated for 2 or 6  days (Fig. 4B). Similar to BAY41, 
CAM- N, another type of CAM that inhibits pgRNA 
encapsidation and induces the formation of morpho-
logically intact empty capsids,(12) also enhanced IFN- 
α- induced ISG expression (Supporting Fig. S2).

Cam in ComBination WitH 
iFn- α RoBustly suppResses 
eXtRaCellulaR HBV- Dna 
leVels

To address the antiviral effect of the combination 
of BAY41 and IFN- α, HBV- infected PHHs were 
treated with BAY41 alone (BAY41 mono), IFN- α 
alone (IFN mono), or the combination of IFN- α and 
BAY41 (IFN/BAY41 combo) for 2 days or 12 days 
beginning on 20 dpi (Fig. 5A). The cytotoxicity was 
assessed by WST assay and cell confluences. The 
results showed no change in cell viability as assessed 
by WST assay or cell confluence in response to any 
treatment compared with the untreated control over 
time (Fig. 5B and Supporting Fig. S1). After 2 days 
of treatment, no significant differences in extracel-
lular HBsAg levels and intracellular cccDNA lev-
els were noted among all of the groups (Fig. 5C). 
Extracellular HBV- DNA levels were significantly 
reduced by the BAY41 mono and IFN/BAY41 
combo treatments compared with the untreated 
control; however, no significant differences were 
noted between the levels observed after these two 
treatments. After 12  days of treatment, no signifi-
cant differences in the intracellular cccDNA levels 
were noted among all of the groups. The extracel-
lular HBV- DNA levels were significantly reduced 
in the IFN/BAY41 combo group compared with 

the BAY41 mono and the IFN mono groups. The 
HBsAg and HBeAg levels in the culture superna-
tants were significantly reduced by the IFN mono 
and the IFN/BAY41 combo treatments; however, no 
significant difference was noted between the levels 
observed after these two treatments (Fig. 5C).

Cam enHanCes intRaHepatiC 
isg eXpRession DuRing iFn 
tReatment in HBV- inFeCteD 
Human liVeR– CHimeRiC miCe

Eighteen human liver– chimeric mice were infected 
with HBV. On 70 dpi, mice were assigned to four 
treatment groups: the vehicle control group (vehicle, 
n  =  4), BAY41 monotherapy group (BAY41 mono, 
n = 5), pegIFN- α monotherapy group (pegIFN mono, 
n  =  4), and combination therapy group (pegIFN/
BAY41 combo, n  =  5). After 14  days of treatment, 
the mice were sacrificed for analysis (Fig. 6A). The 
mean serum HBV- DNA level was 5.5 ± 0.04 log IU/
ml (mean ± SEM) at the start of treatment (Fig. 6B). 
Although BAY41 mono exerted no significant sup-
pressive effect on serum HBV- DNA levels, pegIFN- α 
mono significantly reduced serum HBV- DNA levels. 
PegIFN/BAY41 combo exerted the strongest suppres-
sive effect on the serum HBV- DNA levels among all 
of the treatments (Fig. 6C). Although no significant 
differences in IFN- α, IFN- β, and IFN- λ levels were 
noted at this time point, intrahepatic RIG- I, IRF7, 
and antiviral ISG expression was up- regulated in 
the pegIFN- α mono group compared with the vehi-
cle and BAY41 mono groups and further enhanced 
in the pegIFN- α/BAY41 combo group (Fig. 6D). 
Intrahepatic pgRNA, cccDNA, and HBc levels were 
not different among all of the groups at the end of the 
14- day treatment (Fig. 6E,F).

Fig. 4. BAY41 enhances the antiviral ISG expression induced by IFN- α in HBV- infected PHHs. (A- D) The cells were incubated with 
HBV inoculum (1,000 GEq/cell) for 24 hours and treated with BAY41 alone, IFN- α alone, or in combination with BAY41 for indicated 
days beginning on 20 dpi. (A) Schematic of the experimental procedure. (B) Intracellular total pgRNA levels (n = 4- 6). (C) Cytoplasmic 
total pgRNA and intracapsid pgRNA levels (n = 4- 5). Total cytoplasmic pgRNA and intracapsid pgRNA levels in each sample were 
normalized to the cytoplasmic β- actin mRNA level. (D) The mRNA expression levels of IFNs and ISGs in untreated PHHs or PHHs 
treated with BAY41 (10 μM) alone, IFN- α (50 IU/ml) alone, or in combination with BAY41 (n = 4- 6). The results are shown as relative 
levels with the levels of each data of PHHs treated with IFN- α alone set to 1. Dot plot shows individual values. (E,F) Uninfected PHHs 
were treated with BAY41 (10 μM) alone, IFN- α (50 IU/ml) alone, or in combination with BAY41 and IFN- α for 2 or 6 days beginning 
at 20 days after seeding. Same lot of PHHs as those in Fig. 4D were used. (E) Schematic of the experimental procedure. (F) The mRNA 
expression levels of the ISGs in uninfected PHHs after the treatment (n = 4- 6). The results are presented as relative levels, and the levels 
of each datapoint of PHHs treated with IFNα alone is set to 1. Dot plot shows individual values. The data are shown as the mean ± SEM. 
*P < 0.05.
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Discussion
In the present study, treatment with CAM alone 

altered intracellular posttranscriptional HBV- RNA 
kinetics but failed to promote the intracellular IFN 
response. However, CAM enhanced intrahepatic ISG 
induction by IFN- α in both HBV- infected PHHs and 
the livers of human liver– chimeric mice. These find-
ings indicate how CAMs influence innate immune 

responses in HBV- infected hepatocytes during treat-
ment with IFN- α.

PHHs were used in all of the in vitro experiments 
in the current study. Stable HBV- transfected cells 
or sodium- taurocholate cotransporting polypeptide 
(NTCP)– expressing cells are conventionally used as 
models of HBV infection. In HBV- transfected cells, 
such as HepG2.2.15 or HepAD38 cells, the viral 
life cycle is not completed, and viral proteins or viral 

Fig. 5. The combination of BAY41 and IFN- α reduces HBV- DNA levels more effectively than BAY41 or IFN- α monotherapy. (A- 
C) HBV- infected PHHs were treated with BAY41 alone, IFN- α alone, or their combination for indicated days. (A) Schematic of the 
experimental procedure. (B) WST assay at indicated days after treatment (n = 6). Each value was compared to that in the untreated control. 
(C) cccDNA levels and HBV- DNA, HBsAg, and HBeAg levels in the culture supernatants after 2 days or 12 days of treatment (n = 4). 
The data are shown as the mean ± SEM. *P < 0.05.
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Fig. 6. BAY41 enhances the intrahepatic ISG expression induced by pegIFN- α in HBV- infected human liver– chimeric mice, and BAY41 
and pegIFN- α combination therapy reduces serum HBV- DNA levels more effectively than BAY41 or pegIFN- α alone. HBV- infected 
mice were treated with vehicle (n = 4), BAY41 (40 mg/kg, twice a day, p.o.) (n = 5), pegIFN- α (25 mg/kg, twice per week, s.c.) (n = 4), or 
the combination of BAY41 and pegIFNα (n = 5) for 14 days. (A) Schematic of the experimental procedure. (B) Serum HBV- DNA levels 
from inoculation to the end of the treatment. (C) Change in the serum HBV- DNA levels over the treatment period. (D) Analysis of the 
intrahepatic mRNA expression levels of human- specific IFN and ISGs. The results are presented as relative levels with the levels of each 
datapoint of mice treated with pegIFN- α alone set to 1. Dot plot shows individual values. (E) Intrahepatic pgRNA and cccDNA levels at 
the end of the treatment. Dot plot shows individual values. (F) Representative image of HBc immunohistochemistry. The data are shown 
as the mean ± SEM. *P < 0.05. Abbreviations: p.o., per os; s.c., subcutaneous administration.
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particles are produced primarily from the viral genome 
integrated in host DNA, not from cccDNA.(30) 
NTCP- expressing cells derived from HepG2 cells 
or HuH cells are permissive to viral infection, and 
the full viral life cycle is completed in these cells.(30) 
However, such hepatoma- derived cells are impaired 
in the production of IFN against viral infections.(31) 
In our experiment, poly (I:C) more strongly induced 
antiviral ISGs in PHHs compared with HepG2- 
hNTCP C4 cells (Fig. 1), indicating that RIG- I and 
TLR3 in PHHs induce endogenous IFN responses 
more robustly than those in HepG2- derived cells. 
Moreover, it has been reported that compared with 
PHHs, hepatoma- derived cell lines induce weaker 
ISG expression in response to exogenous IFN.(31,32) 
Based on these findings, PHHs are a suitable model 
to assess the IFN response in HBV- infected cells.

We demonstrated that CAM treatment signifi-
cantly reduced intracapsid pgRNA levels, but the 
cytoplasmic total pgRNA levels were not altered in 
the presence or absence of IFN- α, suggesting that 
CAM treatment increases extracapsid pgRNA lev-
els in the cytoplasm. The 5’- ε stem loop of HBV 
pgRNA has been reported to be a PAMP recognized 
by host RIG- I, leading to the IFN response(14); how-
ever, in our study, the intracellular IFN response was 
not promoted in HBV- infected PHHs treated with 
CAM monotherapy. This finding may be attributed 
to a suppressive effect of HBV infection on the host 
IFN response. HBV polymerase has been reported to 
inhibit the phosphorylation of IRF3 and IRF7, which 
are parts of the RIG- I pathway.(33,34) We showed that 
intracellular antiviral ISG expression was induced by 
IFN- α and further enhanced by the coadministration 
of CAM. IRF7 is activated by IFN and plays a key 
role in promoting the RIG- I pathway.(29) We hypoth-
esize that CAM augments the cytoplasmic nonencap-
sidated pgRNA levels and that the host IFN response 
is promoted when the RIG- I pathway is activated by 
exogenous IFN- α. However, we cannot exclude the 
possibility that the decrease in HBc or other viral 
components by CAM contributed to enhancing ISG 
induction by IFN. Mitra et al. reported that intranu-
clear HBc might inhibit ISG induction by IFN- α.(35) 
Further study of this issue will be needed.

In the present study, treatment with IFN for 6 days 
or 12  days reduced total intracellular pgRNA levels 
in HBV- infected PHHs without changing cccDNA 
levels (Figs. 4B and 5C). In HBV- infected human 

liver– chimeric mice, although the difference was not 
significant, the mean pgRNA level was lower in the 
INF- treated mice than the untreated mice (Fig. 6E). 
IFN has been reported to suppress cccDNA tran-
scription through histone hypoacetylation(36,37) or the 
suppression of enhancer II.(38) IFN- induced ISGs, 
including ISG20 and 2’- 5’- oligoadenylate synthetase 
1 (OAS1), have been reported to suppress cccDNA 
transcription(39) and promote pgRNA degradation.(40) 
The suppression of pgRNA levels in the present study 
could have been caused by IFN- mediated epigenetic 
suppression of cccDNA or ISG- mediated HBV- RNA 
suppression.

Klumpp et al.(13) previously reported the results of 
a 42- day treatment of HBV- infected human liver– 
chimeric uPA/SCID mice with another CAM, NVR 
3- 778. These authors reported that intrahepatic ISG 
expression was not enhanced by the combination of 
this CAM with pegIFN- α at the end of the treat-
ment. Inconsistent with that previous study, intra-
hepatic ISG expression was up- regulated in the 
HBV- infected human liver– chimeric mice treated 
with the combination of BAY41 and pegIFN- α in the 
present study. The difference in the intrahepatic ISG 
induction may be due to the timing of liver sample 
collection. In the previous study, liver samples were 
collected at the end of the 42- day treatment when the 
intrahepatic pgRNA levels were significantly reduced 
by pegIFN- α. In our in vitro study, the intracellu-
lar pgRNA levels were reduced well after 12  days 
of treatment with IFN- α alone and with the com-
bination of IFN- α and BAY41. At this time point, 
up- regulation of the IFN response by the coadmin-
istration of BAY41 and IFN- α was not observed. In 
our in vivo study, liver samples were collected after 
a relatively short treatment period, and intrahepatic 
pgRNA levels were not decreased by any treatments 
compared with the vehicle control. This short treat-
ment period may show a stronger effect of CAM 
administration because the samples were collected 
while the pgRNA was still present in the cells. These 
results, together with a previous report by Klumpp et 
al.,(13) suggest that two mechanisms may be involved 
in the antiviral effect of CAM IFN- α cotreatment: 
an ISG- independent pathway and an ISG- dependent 
pathway.

In the experiment using PHHs, ISGs were 
enhanced, but HBV- DNA levels were not further 
reduced after 2 days of BAY41 and IFN- α combination 
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therapy compared with those following IFN- α mono-
therapy. On the other hand, after 12  days of treat-
ment, ISGs were not enhanced, but HBV- DNA 
levels were further reduced by combination therapy 
compared with those following treatment with IFN- α 
alone (Figs. 4D and 5C). Although we cannot exclude 
the possibility that the decrease in HBV- DNA levels 
detected after 12 days of treatment was mediated by 
the ISG- independent pathway, it is also possible that 
the ISG- dependent pathway takes longer to decrease 
HBV- DNA levels. Furthermore, in in vitro and in 
vivo experiments, the decrease in HBV- DNA levels 
mediated by BAY41 under IFN- α treatment was not 
accomplished by a reduction in intracellular pgRNA 
levels (Figs. 4B and 6E). MxA, an ISG, was reported 
to inhibit pgRNA encapsidation.(41) Combination 
treatment with BAY41 and IFN- α may affect HBV 
replication without reducing pgRNA levels through 
the ISG- dependent pathway.

In conclusion, CAMs enhance IFN- induced 
antiviral ISG expression in HBV- infected hepato-
cytes. Whether these effects could contribute to an 
improved functional cure rate remains to be demon-
strated in clinical trials.
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