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Suppression of hepatitis B virus
through therapeutic activation of RIG-I
and IRF3 signaling in hepatocytes

Sooyoung Lee,1 Ashish Goyal,2 Alan S. Perelson,2 Yuji Ishida,3,4 Takeshi Saito,3 and Michael Gale, Jr.1,5,*
Summary

Hepatitis B virus (HBV) mediates persistent infection, chronic hepatitis, and liver
disease. HBV covalently closed circular (ccc)DNA is central to viral persistence
such that its elimination is considered the cornerstone for HBV cure. Inefficient
detection by pathogen recognition receptors (PRRs) in the infected hepatocyte
facilitates HBV persistence via avoidance of innate immune activation and
interferon regulatory factor (IRF)3 induction of antiviral gene expression. We
evaluated a small molecule compound, F7, and 50-triphosphate-poly-U/UC path-
ogen-associated-molecular-pattern (PAMP) RNA agonists of RIG-I, a PRR that sig-
nals innate immunity, for ability to suppress cccDNA. F7 and poly-U/UC PAMP
treatment of HBV-infected cells induced RIG-I signaling of IRF3 activation to
induce antiviral genes for suppression of cccDNA formation and accelerated
decay of established cccDNA, and were additive to the actions of entecavir.
Our study shows that activation of the RIG-I pathway and IRF3 to induce innate
immune actions offers therapeutic benefit toward elimination of cccDNA.
1Center for Innate Immunity
and Immune Disease,
Department of Immunology,
University of Washington,
Seattle, WA 98109, USA

2Theoretical Biology and
Biophysics, Los Alamos
National Laboratory, Los
Alamos, NM, USA

3Division of Gastrointestinal
and Liver Diseases,
Department of Medicine,
Keck School of Medicine,
University of Southern
California, Los Angeles, CA,
USA

4PhoenixBio Co., Ltd.,
Research and Development
Unit, Higashi-Hiroshima,
Japan

5Lead contact

*Correspondence:
mgale@uw.edu

https://doi.org/10.1016/j.isci.
2020.101969
Introduction

Hepatitis B virus (HBV) is a global public health problem with more than 250 million people chronically in-

fected worldwide. Chronic HBV infection is a leading cause of liver disease including liver cirrhosis, hepa-

tocellular carcinoma, and liver failure such that HBV infection causes over 700,000 deaths annually (WHO,

2017) (Ott et al., 2012; Jefferies et al., 2018). HBV is a small, hepatotropic DNA virus (Marion and Robinson,

1983) that replicates in part through reverse transcription (Wang and Seeger, 1993). HBV specifically enters

hepatocytes through the sodium-taurocholate cotransporting polypeptide (NTCP) receptor to replicate

and produce virion (Yan et al., 2012). After entry into the hepatocyte cytosol, the viral nucleocapsid is trans-

located to the nucleus for disassembly and release of the viral relaxed circular (RC) DNA. In the nucleus, the

RC DNA is converted to covalently closed circular (ccc)DNA that is a long-lived viral mini-chromosome

serving as the main template for the synthesis of all HBV RNA transcripts including pregenomic (pg)

RNA, pre-S, S, and X viral RNAs (Newbold et al., 1995; Shi et al., 2012). After synthesis the mature nucleo-

capsid-containing RC DNA acquires an envelope via budding at the endoplasmic reticulum (ER) and then

produces progeny virion (Wang and Seeger, 1993; Seeger and Mason, 2000). A portion of the pool of

mature HBV nucleocapsids is used to facilitate further cccDNA synthesis in a process called the intracellular

amplification pathway (Tuttleman et al., 1986; Wu et al., 1990). This process facilitates the pool of cccDNA

to be maintained as a steady-state population of 3–50 molecules per cell marking chronic infection (Seeger

and Mason, 2000; Beck and Nassal, 2007; Ko et al., 2018). Removal of cccDNA from the liver either through

its eradication from infected cells or depletion of infected cells is considered to be essential for HBV cure

(Liang et al., 2015; Nassal, 2015; Tang et al., 2017).

Current treatment for chronic hepatitis B infection relies on two main classes of therapy, including (1) nu-

cleot(s)ide analogs (NAs), which inhibit viral reverse transcriptase and DNA polymerase function, and (2)

pegylated interferon alpha (peg-IFNa) therapy that induces innate immune defenses for suppression of

viral replication and reducedHBV antigen production. Although both treatment modalities can reduce viral

burden, IFN-based therapy presents considerable side effects and neither treatment is completely effec-

tive (Janssen et al., 2005). Although these therapies can suppress active viral replication, reduce cccDNA

levels (Lucifora et al., 2014; Belloni et al., 2012), and can slow disease progression, they do not eliminate
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the nuclear pool of cccDNA (Wursthorn et al., 2006; Zoulim and Durantel, 2015) and are associated with

significant side effects in treated patients (Locarnini et al., 2015; Zoulim and Durantel, 2015; Kwon and

Lok, 2011). The persistence of cccDNA is facilitated by long cccDNA half-life, established to be 6–22 weeks

in vivo (Huang et al., 2020), in which lifelong treatment with antiviral therapy is required for a majority of

patients to continuously suppress viral replication. Problematically, IFN-based therapy for chronic HBV is

poorly tolerated and only a low frequency of treated patients show complete loss of HBsAg that defines

clinical HBV cure (Dienstag, 2009; Moucari et al., 2009; Perrillo, 2009). Thus new, effective therapeutics

that aim to achieve a functional cure by eradicating cccDNA are needed to treat and control chronic

HBV infection (Fanning et al., 2019).

Acute viral infection typically triggers intracellular innate immune activation leading to induction of

intracellular antiviral defenses. This process serves to control viral replication and spread from the site of

infection, and to modulate the adaptive immune response for systemic virus control. Innate immune acti-

vation occurs via host cell sensing of viral pathogen-associated molecular patterns (PAMP) embedded in

viral replication products, including viral nucleic acid. PAMPs are sensed by cellular pattern recognition re-

ceptors (PRRs). PRRs that sense virus infection include Toll-like receptors (TLR); NOD-like receptors (NLRs);

intracellular DNA sensors cGAS, STING, IFI16, DAI, and others (Fernandes-Alnemri et al., 2009; Unterholz-

ner et al., 2010); as well as the RIG-I-like receptors (RLRs) including retinoic-acid inducible gene-I (RIG-I) and

melanoma differentiation antigen 5 (MDA5) (Pandey et al., 2014; Chow et al., 2018). Each PRR detects spe-

cific PAMPs derived from the incoming virus or viral replication products, while certain host cell nucleic

acids can also trigger PRR signaling when produced during viral infection (Lee et al., 2019; Pandey et al.,

2014). Induction of TLR, RLR, or STING signaling drives the downstream activation of latent transcription

factors including interferon regulatory factor (IRF)3 and nuclear factor (NF)-kB to promote the expression

of antiviral effector genes and immune regulatory genes including chemokines, IFNs, and other immune

regulatory cytokines (Chow et al., 2018). Remarkably, acute HBV infection of primary human hepatocytes

(PHHs) neither activates nor inhibits PRR signaling of innate immunity, thus reinforcing the notion that

HBV is a ‘‘stealth’’ virus (Mutz et al., 2018) as previously shown in vivo in a nonhuman primate infection

model (Wieland et al., 2004). On the other hand, strategies to activate RIG-I signaling have been shown

to enhance antiviral defenses against HBV (Wu et al., 2018; Han et al., 2019), suggesting that RLR signaling

can direct innate immune programs for control of HBV replication.

Previous studies have shown that RIG-I signaling in response to PAMP RNA can direct innate immune acti-

vation and antiviral defenses that suppress replication of hepatitis C virus (HCV) (Saito et al., 2008; Kell et al.,

2015; Schnell et al., 2012) that also causes chronic hepatitis (Horner and Gale, 2013). The HCV PAMP is a

100-nt poly uridine/cytosine (poly-U/UC) motif with the HCV genome 30 nontranslated region (Saito

et al., 2008). When introduced into cells as a 50ppp synthetic RNA the poly-U/UC PAMP specifically activates

RIG-I to drive IRF3 activation and antiviral innate immunity that suppresses HCV infection in vitro (Schnell

et al., 2012) and activates hepatic innate immunity in vivo (Saito et al., 2008). Moreover, we and others have

identified small-molecule benzothiazols (Probst et al., 2017; Pattabhi et al., 2016; Bedard et al., 2012), or

50ppp RNA ligands that bind and activate RIG-I or induce IRF3 activation and innate immunity to therapeu-

tically suppress RNA virus infection and enhance the immune response (Dassler-Plenker et al., 2019; Hoch-

heiser et al., 2016). Together, these previous studies show that the RIG-I pathway is functional in hepato-

cytes in which targeted activation of RIG-I confers potent antiviral actions that are fully operational in

the liver. However, how the direct targeting and activation of RIG-I and IRF3 impacts HBV is not known.

Various innate immune programs have been shown to impact HBV infection. Beyond IFN, other pro-inflam-

matory cytokines have suppressive effects on HBV replication (Isorce et al., 2016) (Lanford et al., 2013) and

also boost adaptive immunity against chronic HBV infection (Boni et al., 2018). Interferon-gamma and

tumor necrosis factor-alpha have been shown to interfere with HBV replication at transcriptional and

post-transcriptional steps and to reduce cccDNA stability (Lucifora et al., 2014; Xia et al., 2016). Thus, phar-

macological innate immune activation may facilitate intrahepatic antiviral defenses and enhancement of

the immune response against chronic HBV.

Here, we evaluated targeted RIG-I activation in the treatment of HBV infection in vitro. RIG-I signaling

triggered by poly-U/UC PAMP RNA or small-molecule activator of RIG-I directed robust IRF3 activation

and RIG-I-dependent antiviral actions to suppress cccDNA levels. We show that the RIG-I response through

IRF3 serves to reduce the half-life (t1/2) of cccDNA to impart cccDNA decay kinetics, and blockage of RC
2 iScience 24, 101969, January 22, 2021



Figure 1. F7 and poly-U/UC PAMP differentially induce innate immune genes

(A) Structure of F7 and sequence poly-U/UC PAMP-RNA.

(B) Immunofluorescence analysis of IRF3 translocation. HepG2-hNTCP cells were cultured in medium containing 2.5%

DMSO, infected with Sendai virus (SenV; 10 HAU/ml), or treated with F7 (10 mM), X-RNA (200 ng/mL in liposome), or poly-

U/UC PAMP (200 ng/mL in liposome) for 24 h. Cells were fixed with 3% paraformaldehyde, stained by using mouse anti-

hNTCP (green) and rabbit anti-IRF3 (red) antibodies, and counterstained with DAPI (blue). Scale bars, 20 mm.

(C) F7 and poly-U/UC induce IRF3 activation and innate immune gene expression. Sendai virus, F7, X-RNA, and poly-U/UC

PAMP were administered to HepG2-hNTCP and dHepaRG, as indicated for 24 and 48 h. The cell lysates were resolved by

SDS-PAGE and then subjected to immunoblotting. The levels of protein expression by the p-IRF3 (S386 phosphorylation

active form of IRF3), IRF3 (total IRF3), and IFIT1 relative to the expression level of tubulin were determined using

respective antibodies.

(D) Gene expression analysis. HepG2-hNTCP cells were administered with SenV, F7, X-RNA, and poly-U/UC-RNA as

described above for 24 and 72 h; then total cellular RNA was purified from harvested cells. The levels of expression of
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Figure 1. Continued

innate immune genes IFIT1, CXCL10, IFITM1, RSAD2, RIG-I, MDA5, SAMHD1, APOBEC3A, APOBEC3G, IFN-a, IFN-b,

and IFN-l3 were measured by qRT-PCR and normalized to the level of GAPDH expression. Each are shown as the

mean fold induction over that achieved with 2.5% DMSO treatment from three independent experiments.
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DNA formation and concomitant suppression of HBsAg secretion in HepG2 cells that ectopically express

human sodium/taurocholate cotransporting polypeptide (hNTCP) (HepG2-hNTCP), in differentiated

HepaRG (dHepaRG) cells and in PHHs. Targeting RIG-I does not promote cell toxicity. Remarkably,

when combined with entecavir (ETV) and poly-U/UC PAMP, treatment rapidly depleted established

cccDNA pools. Thus targeted RIG-I activation and processes that activate IRF3-directed innate immune

activation may offer therapeutic approaches toward HBV cure.

Results

RIG-I and IRF3 agonists trigger innate immune activation in hepatocytes

We previously identified small-molecule agonists of IRF3 that confer innate immune activation leading to

induction of IRF3-target genes and antiviral action against a range of RNA viruses (Pattabhi et al., 2016;

Probst et al., 2017; Bedard et al., 2012). Based on the published structure (Iadonato et al., 2018), we pro-

duced (N-(6-benzamido-1,3-benzothiazol-2-yl)naphthalene-2-carboxamide), referred here as F7, for ana-

lyses of anti-HBV activity (Figure 1A). Similarly, we have identified a 100-nt PAMP motif within the HCV

genome comprising 50ppp and the poly-U/UC region of viral RNA that is specifically recognized by RIG-I

and confers RIG-I signaling of IRF3 activation leading to antiviral gene expression (Saito et al., 2008; Schnell

et al., 2012) (Figure 1A, lower). We evaluated the therapeutic actions of F7 and the poly-U/UC PAMP against

HBV infection. We first treated HepG2-hNTCP cells with 10 mM F7 or 200 ng/mL poly-U/UC PAMP formu-

lated in liposome for 24 h. Control cells were treated with DMSO or infected with Sendai virus (SenV; a

potent activator of RIG-I-dependent signaling), or transfected with 200 ng/mL X-RNA negative control in

liposome, a non-PAMP/non-signaling 50ppp-containing 100 nt RNA motif from the HCV genome with

similar mass to the poly-U/UC PAMP (Saito et al., 2008). Similar to SenV control, both F7 and poly-U/UC

PAMP but neither DMSO nor X-RNA treatment specifically induced innate immune activation as marked

by IRF3 translocation into the nucleus (Figure 1B). Immunoblot analysis demonstrated that F7 and poly-

U/UC PAMP but not X-RNA treatment specifically induced IRF3 phosphorylation and the expression of

IFIT1, an IRF3-target gene (Fensterl and Sen, 2011, 2015), in a dose-dependent manner in both HepG2-

hNTCP and dHepaRG cells (Figure 1C). We also assessed mRNA expression across a panel of innate im-

mune response genes, including IFNs, ISGs, and direct IRF3-target genes, for response to F7 or poly-U/

UC PAMP (Figures 1D and S1). Poly-U/UC PAMP treatment also induced type I and type III IFN and ISG

expression, whereas F7 treatment induced only IRF3 direct target gene expression including IFIT1,

CXCL10, RSAD2, and IFITM1. This difference is consistent with the signaling properties of each molecule

and the nature of IFN expression, as IFN expression relies on activation of both IRF3 and NF-kB, whereas F7

specifically activates IRF3 but not NF-kB (Bedard et al., 2012). In contrast, the poly-U/UC PAMP triggers

RIG-I signaling of both transcription factors to induce IRF3-target genes, IFNs, and hence ISGs (Schnell

et al., 2012; Saito et al., 2008). Notably, type I IFN, SAMHD1, APOBEC3A, and APOBEC3G, which were

induced by poly-U/UC PAMP treatment, have demonstrated antiviral activity against HBV infection

(Chen et al., 2014; Bonvin et al., 2006; Lucifora et al., 2014). Taken together, these results show that F7

and poly-U/UC PAMP induce innate immune activation in treated cells that initiates with IRF3 activation

and the induction of IRF3-target genes.

IRF3 activation suppresses HBV cccDNA formation

To determine how IRF3 activation impacts HBV infection and production of cccDNA in infected cells,

we treated HepG2-hNTCP cells with F7 or poly-U/UC PAMP (100 ng/mL [ = 2.94 nM] or 200 ng/mL

[ = 5.87 nM]) following HBV infection. Cyclosporin A (CsA) treatment was employed as an HBV entry inhib-

itor antiviral control (Watashi et al., 2014). Cells were harvested 3 days post-infection (dpi), and extracts

were prepared using Hirt extraction methods for isolating protein-free DNA, as shown in Figure 2A (Hirt,

1967; Guo et al., 2007). Southern blot analysis revealed that F7 and poly-U/UC PAMP treatment suppressed

HBV cccDNA formation compared with the level of expression for the DMSO, or X-RNA treated controls.

Additionally, the level of protein free-relaxed circular (PF-RC) DNA, which includes possible precursor

forms of cccDNA, was also markedly decreased by treatment with F7 or poly-U/UC PAMP. As both F7

and poly-U/UC PAMP activate IRF3, these results link the IRF3 response with suppression of cccDNA

formation in HBV-infected hepatocytes.
4 iScience 24, 101969, January 22, 2021



Figure 2. Therapeutic suppression of cccDNA formation

(A) Schemeof infection and treatment (upper) andSouthernblot analysis (lower) tomeasureprotein-freeDNA including cccDNA.

The scheme illustrates the schedulewithHBV inoculum (1,000Geq/cell) and administration of cyclosporinA (CsA), F7, X-RNA (X),

and poly-U/UC PAMP. 2.5% DMSO was added to the medium at 1 day post infection (dpi). cccDNA and PF-RC DNA were

harvested from HepG2-hNTCP cells using Hirt extraction method and analyzed by Southern blot analysis using an HBV-specific

DNA probe. Viral protein-free DNAs (protein-free relaxed circular DNA [PF-RC DNA] and cccDNA) are noted.

(B and C) HepG2-hNTCP (B) or dHepaRG cells (C) were infected with HBV at multiplicity of infection (moi) of 1,000 Geq/

cell and administered CsA (10 mM) or F7, in the indicated concentrations. For upper panels of (B and C), DNAs were

isolated after Hirt extraction at 3 dpi and subjected to Southern blot analysis using as HBV-DNA probe. For lower panels

of (B and C), the inhibitory effects of F7 on cccDNA formation were measured in HepG2-hNTCP and dHepaRG cells,

respectively, using qPCR analysis.

(D and E) HepG2-hNTCP (D) or dHepaRG cells (E) were infected with HBV at an moi of 1,000 Geq/cell, and administered

CsA (10 mM), X-RNA (X, 100ng/ml), or poly-U/UC PAMP in the indicated concentrations. For upper panels of (D and E),

DNAs were analyzed using Southern blot analysis. For lower panels of (D and E), DNAs were analyzed by qPCR. IC90, and

IC50 values were calculated based on the decline of the cccDNA relative to DMSO-treated controls. IC90, and IC50 values

are the average of three experiments G 1 SD. Cytotoxicity was determined by measuring cellular ATP content as a

measure of cell viability using the CellTiter-Glo reagent. CC50 values shown are the average of three experimentsG 1 SD.

Positions of mass markers are indicated on each Southern blot.
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To further determine how the activation of IRF3 impacts the HBV replication cycle, we analyzed the expres-

sion of HBV DNA, HBV RNA, extracellular HBV DNA, and secreted HBsAg over an infection/treatment time

course. As shown in Figure S2A, PF-RC DNA was first detected by 1 dpi. cccDNA synthesis occurred by 2

dpi in control-treated cells, and PF-RC and cccDNA both accumulated over the 20 dpi time course. How-

ever, the production of cccDNA was markedly suppressed in cells treated with F7 or poly-U/UC PAMP

within 2 dpi. Production of pgRNA across the infection/treatment time course showed that it accumulated

from 6 to 20 dpi in the non-treatment control cells but was significantly suppressed in cells treated with F7

or poly-U/UC PAMP (Figure S2B). We also measured the level of capsid-associated intracellular HBV DNA

intermediates of reverse transcription produced over the HBV infection/treatment time course. We found

that RC DNA, double-stranded linear (DL) DNA, and single-stranded (SS) DNA viral products accumulated

from 6 to 20 dpi in control/non-treated cells. However, F7 or poly-U/UC PAMP treatment markedly

decreased the levels of these DNA species. Interestingly, the level of incoming viral capsid-associated

HBV DNAs (observed from 1–2 dpi) were not affected by treatment, but instead their production was sup-

pressed within 6 dpi (Figure S2C). Suppression of HBVDNA and RNA overall was associated with significant

reduction in the level of secreted HBsAg in culture supernatant from cells treated with F7 or poly-U/UC

PAMP (Figure S2D). Importantly, both F7 and poly-U/UC PAMP treatment resulted in a block in de novo

HBV production revealed by reduction of extracellular HBV DNA (Figure S2E). These results show that

F7 and poly-U/UC PAMP treatment impact HBV replication at steps following cccDNA synthesis to impact

transcription of viral RNA, reverse transcribed HBV DNAs, and production of progeny virions.

To assess the antiviral activity of F7 and poly-U/UC PAMP against HBV we conducted dose-response ana-

lyses. To determine the values of 90% of maximal Inhibitory concentration (IC90) and half-maximal inhibitory

concentration (IC50), as well as the cytotoxic concentration, CC50, of F7 and poly-U/UC PAMP, we used two

different cell lines, HepG2-hNTCP and dHepaRG cells. Cultures were treated with increasing concentra-

tions of F7 or poly-U/UC followed by HBV infection, then harvested at 3 dpi. Southern blot and qPCR anal-

ysis showed that cccDNA level was linearly reduced by increasing concentrations of F7 (Figures 2B and 2C)

and poly-U/UC PAMP (Figures 2D and 2E). We defined IC90 and IC50 values for F7 of approximately

17.38 mM and 8.48 mM in HepG2-hNTCP cells, and 12.84 mM and 3.38 mM in differentiated HepaRG cells.

The 50% cytotoxic concentration (CC50), as measured by ATP release from treated cells, was over 40 mM

(Figures S3A and S3B). We determined the IC90 and IC50 values of poly-U/UC PAMP to be approximately

11.97 and 1.94 nM, respectively, in HepG2-NTCP cells and 3.3 and 1.61 nM in dHepaRG cells, respectively,

with CC50 over 23.49 nM (= 800 ng/mL) (Figures S3C and S3D).

Suppression of de novo HBV cccDNA synthesis

To further define inhibitory effect of F7 and poly-U/UC on cccDNA biosynthesis, we conducted time-of-

addition experiments in HepG2-hNTCP and dHepaRG cells. For poly-U/UC PAMP, we conducted treat-

ment for 24 h pre-infection (pre-treatment), from 1 to 3 dpi (post-treatment), and from 24 h preinfection

onward through 3 dpi (pre/post-treatment) (Figure 3A). For F7, we conducted treatment for 24 h pre-infec-

tion (pre-treatment), 24 h initiated at the time of infection (co-treatment), from 1 through 3 dpi (post-treat-

ment), or treatment starting at 24 h before infection and continued through 3dpi (pre/co/post-treatment)

(Figure 3D). A co-treatment of CsA with virus inoculation was included as a positive control. Cultures were

inoculated with HBV and harvested over the time course for assessment of cccDNA levels using Southern

blot and qPCR analyses. Remarkably, we found that the synthesis of cccDNA was uniformly significantly

suppressed across the poly-U/UC PAMP regimen, and to a level similar to CsA treatment, in both

HepG2-hNTCP and dHepaRG cells (Figures 3B and 3C). By comparison, F7 had little effect on HBV cccDNA

level when administered once pre or co-treatment but mediated a significant suppression of cccDNA levels

when administered post-infection or from pre-infection throughout the 3-day course (Figures 3D–3F).

These results indicate that both poly U/UC and F7 induce innate immune responses that affect cccDNA syn-

thesis post viral entry. However, the innate immune response induced by poly-U/UC shows more sustained

effect than F7.

Antiviral actions of IRF3 agonists partition to the nucleus to suppress cccDNA synthesis

To identify the step(s) of HBV cccDNA synthesis impacted by F7 and poly-U/UC PAMP treatment we as-

sessed the level of cccDNA over a 3 dpi time course. Cells were inoculated with HBV for 6 h at 4�C, then
the inoculum was removed, and the cells were rinsed and placed in 37 C media to initiate synchronous

infection (time 0), at which time the cells were treated with F7 (Figure 4A), or poly-U/UC PAMP (Figures

4C) through 3 dpi. Whole-cell (W), nuclear (N), and cytoplasmic (C) extracts were harvested over the
6 iScience 24, 101969, January 22, 2021



Figure 3. F7 and poly-U/UC PAMP suppress de novo HBV cccDNA synthesis

(A) Upper: Infection and poly-U/UC PAMP treatment schedule. Cells were treated with 100 ng/mL poly-U/UC PAMP for

24 h before (pre), for 48 h after HBV infection (post), or for 72 h (pre/post).

(B and C) At 3 dpi cells were harvested and Hirt extracts were prepared. (B) HepG2-hNTCP cells and (C) dHepaRG cells

were analyzed by Southern blot (upper) and qPCR (lower). For qPCR analysis, values from DMSO-treated control were set

to 100%, respectively, and data are shown as meanG standard deviations (SD) percentage of cccDNA in control samples.

***p < 0.005, and ns, non-significant. CSA, Cyclosporin A; X, X-RNA.

(D) HBV infection and F7 treatment schedule. Cells were treated with F7 (10 mM) for 24 h before (pre), 24 h during the time

of infection (Co), 48 h after infection (post), or 96 h (pre/co/post).

(E and F) At 3 dpi, the cells were harvested and Hirt extracts prepared. HepG2-hNTCP (E) and dHepaRG cells (F). Upper

panels show Southern blot analysis. Lower panels show qPCR analysis and percent of cccDNA remaining in treated cells

compared with control cells. Values from DMSO-treated control cultures were set to 100%.

Data was presented as mean G standard deviations (SD), *p < 0.01, **p < 0.005, ***p < 0.001, ****p < 0.0001, ns = non-

significant. CsA served as a treatment control. For Southern blots the position of mass markers are indicated. CSA,

Cyclosporin A; X, X-RNA.
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Figure 4. Subcellular compartment analysis of antiviral activity

(A and C) Scheme of HBV infection with F7 treatment (A) or poly-U/UC PAMP treatment (C). HepG2-hNTCP cultures were inoculated with HBV at moi 1,000

Geq/cell for 24 h. On treatment day 0 the cultures received F7 (10 mM) or poly-U/UC PAMP (100 ng/mL). Cells were harvested for production of Hirt extracts at

each time point shown through 3 days. Parallel cultures were harvested for western blot analysis to monitor Lamin B1 and Calenxin as markers of whole-cell

lysate and cytosol, respectively. CSA, cyclosporin A control treatment.

(B and D) DNA was analyzed by Southern blot using HBV-specific DNA probe. Viral protein-free DNAs (PF-RC DNA and cccDNA) are indicated. The position

of mass markers is indicated. Lower panels show western blot of Lamin B1 and Clanexin abundance. CSA, cyclosporin A control treatment.
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time course, at 3 and 6 h post-infection (hpi), and daily over 1–3 dpi, and PF-RC and cccDNA abundance

was analyzed by Southern blot. As shown in Figure 4B, PF-RC DNA was detected in cytoplasmic and

whole-cell lysate fractions from 3 hpi and in nuclear fraction by 6 hpi, but accumulation was reduced after

2–3 dpi from F7 treatment. cccDNA was detected by 1 dpi in non-treated cells, but cccDNA accumulation

was delayed and reduced in cells treated with F7. For poly-U/UC PAMP treatment we also harvested cells

over a similar time course (see Figure 4C). Assessment of HBV DNA in subcellular fractions also showed that

PF-RC DNA was present early in non-treatment cells at 3 and 6 hpi in the whole-cell and cytoplasmic

extracts with levels accumulating in the nuclear fraction thereafter. Nuclear PF-RC DNA levels were

reduced in cells treated with poly-U/UC PAMP from 1–3 dpi concomitantly with reduction of cccDNA in

treated cells (Figure 4D). These results indicate that the inhibitory effects of F7 and poly-U/UC on HBV

cccDNA biosynthesis occurs in the nucleus at 1–3 dpi during treatment to possibly impact the conversion

step of PF-RC DNA to cccDNA early in the HBV replication process.
The IRF3 activation restricts the stability of HBV cccDNA alone and in combination with ETV

To determine how the host response to IRF3 activation suppresses HBV cccDNA levels, we evaluated the

influence of F7 or poly-U/UC PAMP single treatment and the combination of ETV/F7 or ETV/poly-U/UC
8 iScience 24, 101969, January 22, 2021



Figure 5. F7 and poly-U/UC PAMP treatment directs HBV cccDNA decay

(A) HBV infection and treatment schedule. HepG2-hNTCP cells were infected with HBV at moi of 1,000 Geq/cell,

incubated for 24 h, and media was replaced. On day 3 the cells were harvested or treated with DMSO, ETV (500 nM), F7

(10 mM), poly-U/UC (100 ng/mL), or with ETC combination with F7 or poly-U/UC PAMP. Cells were harvested at the

indicated points over a 20-day time course.

(B and C) DNA was isolated by Hirt extract and subjected to Southern blot analysis using an HBV-specific DNA probe.

Percentage values below each lane indicate the relative amount of cccDNA compared with day 3 control before each

treatment. The position of mass markers is indicated.

(D) cccDNA levels were measured by qPCR. Relative cccDNA values to mitochondrial DNA (MT-CO3) are shown.

Statistical significance was determined using Student’s t test. Data are presented as mean G standard deviation (SD),

*p < 0.01, **p < 0.005, ***p < 0.001, ns = non-significant.

(E) Half-life of cccDNA from qPCR analyses was estimated from the simultaneous fitting of three replicates under each

treatment strategy. C(t) is the % values of cccDNA at time ‘‘t’’ post-treatment, C(0) is the % values of cccDNA at the start of

the treatment.

(F) HBsAg across the time course for each treatment series. Statistical significance was determined using Student’s t test.

Data are presented as mean G standard deviations (SD), **p < 0.005, ns= non-significant.
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PAMP on cccDNA decay kinetics. To assess cccDNA decay we compared F7 and poly-U/UC PAMP

treatment of HBV-infected cells with ETV treatment, starting at 3 dpi with treatment maintained through

20 dpi via daily media change with fresh ETV, F7, or poly-U/UC PAMP (Figure 5A). ETV is an NA that
iScience 24, 101969, January 22, 2021 9
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prevents the reverse transcription and replication of new synthesized HBV DNAs, thereby blocking the

replenishment of cccDNA from intracellular amplification. ETV was applied to HBV-infected cells at a

100-fold IC50 dose thereby allowing for the measurement of cccDNA half-life under conditions in which

levels are sustained from early established cccDNA pool but not counterbalanced by the newly produced

cccDNA (Langley et al., 2007). Cells were then harvested over a treatment time course, and DNA extracts

were analyzed by Southern blot and qPCR assay. As shown in Figure 5B, cccDNA levels modestly increased

over the infection time course in non-treatment control cells. Cells from ETV-treated cultures stably main-

tained cccDNA levels over the time course at levels similar to 3 dpi cultures, demonstrating sustained

and stable cccDNA of over 20 dpi in our in vitro culture system, well in line with the reported cccDNA

half-life (t1/2) of greater than 40 days (Figure S4, Ko et al., 2018; Huang et al., 2020). However, F7 single treat-

ment stimulated the decay of cccDNA as measured by Southern blot analysis (Figure 5B), and qPCR (Fig-

ure 5D). F7 mono-treatment reduced the t1/2 of cccDNA, whereas the combination of ETV with F7 further

enhanced their antiviral effects to reduce cccDNA abundance and persistence to barely detectable level by

20 dpi (Figures 5B and 5D). We also found that a mono-treatment with single administration of poly-U/UC

PAMP reduced the cccDNA abundance, whereas it continued to accumulate in cells treated with X-RNA

control, as analyzed by Southern blot (Figure 5C). The inhibitory effect on cccDNA levels by poly-U/UC

PAMP was also confirmed by qPCR assay (Figure 5D). We also found that poly-U/UC PAMP in combination

with ETV served to reduce cccDNA abundance and persistence across a treatment time course over ETV or

poly-U/UC PAMP alone, with cccDNA being barely detectable after 20 dpi with co-treatment (Figure 5C).

Mathematical modeling revealed that combination of F7 or poly-U/UC treatment with ETV reduced the

cccDNA t1/2 resulting from monotreatment compared with each respective co-treatment from an average

of 8.7 to 6.5 days (F7) and from 7.7 to 6.9 days (poly-U/UC PAMP) (Figures 5E and S5). Neither ETV nor X-

RNA treatment of cells had any effect on the production and secretion of HBsAg. However, poly-U/UC

PAMP and F7 mono- and combination treatments suppressed HBsAg secretion (Figure 5F). Thus, F7 and

poly-U/UC PAMP impart the therapeutic decay of established cccDNA. Moreover, combination treatment

of F7 and poly-U/UC PAMP with ETV imparts additive antiviral actions to suppress cccDNA t1/2 and

persistence from weeks (Huang et al., 2020; Ko et al., 2018) to less than 7 days.

Suppression of HBV cccDNA by IRF3 activation is RIG-I dependent

To ascertain whether the activation of IRF3 and suppression of cccDNA in HBV-infected cells by F7 or poly-

U/UC PAMP treatment was dependent on RIG-I rather than occurring as an off-target effect of IRF3 agonist

treatment, we produced HepG2-hNTCP cells expressing non-targeting guide RNA (HepG2-hNTCP-NT), or

guide RNA for knockout (KO) of RIG-I expression (HepG2-hNTCP-RKO) or MDA5 (HepG2-hNTCP-MKO)

using CRISPR-Cas9 genome editing technology. Immunoblot analysis of the different cell populations

shows that HepG2-hNTCP-RKO or HepG2-hNTCP-MKO cells do not express detectable levels of RIG-I

or MDA5, respectively (Figure S6). Treatment of cells with F7 (Figure 6A) or poly-U/UC PAMP (Figure 6B)

shows that the HepG2-hNTCP-RKO cells do not respond to treatment, whereas HepG2-hNTCP-NT control

cells and HepG2-hNTCP-MKO cells fully respond to F7 to accumulate phosphorylated/activated IRF3

concomitant with expression of IFIT1. HepG2-hNTCP-MKO cells serve as an RLR KO control to reveal

the specificity of F7 and poly-U/UC PAMP for triggering RIG-I-dependent IRF3 activation (Saito et al.,

2008). We next infected each cell population with HBV followed by a single treatment with F7 or poly-U/

UC PAMP at 1 dpi. Cells were harvested at 3 dpi for Southern blot analysis of cccDNA levels. Parallel cul-

tures of each cell population were treated with DMSO or single-dose X-RNA (negative control) or with CsA

as a treatment control. F7 treatment reduced cccDNA levels in HepG2-hNTCP-NT and HepG2-hNTCP-

MKO cells but not in HepG2-hNTCP-RKO cells (Figure 6C). Similarly poly-U/UC PAMP suppression of

cccDNA was dependent on RIG-I, as cccDNA was suppressed by poly-U/UC PAMP treatment in HepG2-

hNTCP-NT and HepG2-hNTCP-MKO cells but not in the HepG2-hNTCP-RKO cells (Figure 6D). These

results demonstrate that the antiviral actions of F7 and poly-U/UC PAMP against HBV specifically signal

through RIG-I, defining each as a RIG-I agonist that activates IRF3 to impart suppression of cccDNA.

RIG-I signaling of IRF3 activation suppresses HBV infection in primary human hepatocytes

To validate the antiviral actions of RIG-I signaling of IRF3 activation by poly-U/UC PAMP we assessed HBV

infection in non-immortalized and terminally differentiated PHHs that retain the expression of hepatocyte

marker genes at a level comparable to that of human liver tissue.We treated PHH cultures over a poly-U/UC

PAMP dose-response and assessed innate immune activation. Treatment of PHH cultures with 50–200 ng/

mL poly-U/UC PAMP induced IRF3 activationmarked by accumulation of phosphoserine 386 IRF3 and IFIT1

expression. Treatment with 100 ng/mL X-RNA did not induce innate immune activation of PHH, but cells
10 iScience 24, 101969, January 22, 2021



Figure 6. F7 and poly-U/UC PAMP specifically signal IRF3 activation through RIG-I to suppress HBV cccDNA

(A) F7 was administered for 24 h to HepG2-hNTCP-NT, RKO, and MKO cells. Cells were harvested and analyzed by

immunoblot. The levels of protein expression by p-IRF3 (S386 phosphorylated), IRF3 (total IRF), IFIT1, RIG-I, and MDA5

relative to the expression level of tubulin were determined using respective antibodies.

(B) HepG2-hNTCP-NT, RKO, and MKO cells were treated with 100 ng/mL X-RNA (X) or 100 ng/mL or 200 ng/mL poly-U/

UC PAMP (P) for 24 h. Cells were harvested and analyzed by immunoblot as in (A).

(C and D) Cells were infected with HBV at moi of 1,000 Geq/cell. After 24 h cultures were treated with DMSO (-; negative

control), CsA (treatment control), (C) 10 mMF7 or (D) X-RNA or poly-U/UC PAMP. Three days later the cells were harvested

and Hirt extracts were prepared and subjected to Southern blot analysis using as HBV-DNA probe. The position of mass

markers is indicated. Values beneath each lane show percent cccDNA remaining compared with control treatment.
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were fully responsive to acute infection with SenV control (Figure 7A), demonstrating that PHHs harbor an

intact RIG-I pathway. Moreover, PHH treatment with poly-U/UC PAMP, but not X-RNA, robustly induced

innate immune gene expression (Figure 7B). We then evaluated cccDNA levels in HBV-infected PHH

treated with poly-U/UC PAMP. PHH cultures were infected with HBV and subject to a single treatment

with poly-U/UC PAMP at 1 dpi. Cells were harvested at 3 dpi and DNA was extracted and subject to

Southern blot analysis. As shown in Figure 7C, treatment with poly-U/UC PAMP suppressed cccDNA levels

in the infected PHH to levels similar to CsA treatment. Thus, poly-U/UC treatment to trigger RIG-I signaling

of IRF3 and innate immune activation directs a response in HBV-infected PHH that suppresses cccDNA.

These results demonstrate the efficacy of therapeutic targeting of the RIG-I pathway for viral control in

relevant primary cells of HBV infection.

Discussion

Persistence of cccDNA in the nucleus of HBV-infected hepatocytes is key to mediating chronic HBV

infection, wherein recent analyses indicates that a given pool of cccDNA has a t1/2 in vivo of approximately

5–21 weeks (Huang et al., 2020). Problematically, current therapies for the treatment of chronic HBV infec-

tion neither significantly reduce nor eliminate cccDNA (Zoulim and Durantel, 2015; Maynard et al., 2005;

Werle-Lapostolle et al., 2004). Members of the current NA class of HBV therapeutics are administered

for prolonged, often lifelong periods to keep patients virally suppressed. Moreover, these therapies are

leaky in their ability to completely shut down viral replication, such that the nuclear cccDNA pool (Huang

et al., 2020) still persists after long-term treatment (Werle-Lapostolle et al., 2004; Zoulim and Locarnini,

2009; Gish et al., 2012), Importantly however, it has been demonstrated that suppression of cccDNA during

acute HBV infection can occur through a cytokine-driven non-cytolytic mechanism directed by IFN-a, IFN-

g, or tumor necrosis factor alpha linked with expression of APOBEC3 deaminases (Lucifora et al., 2014; Xia

et al., 2016). Pharmacological induction of intrahepatic cytokine responses has been coined as an ideal

curative approach to chronic hepatitis B (Chang et al., 2012). While this approach leverages the innate
iScience 24, 101969, January 22, 2021 11



Figure 7. Suppression of cccDNA in primary human hepatocytes

(A) PHHs were cultured alone or were treated with 100 ng/mL X-RNA (X100), or 50 ng/mL (P50), 100 ng/mL (P100), or

200 ng/mL (P200) poly-U/UC PAMP, or were infected with SenV (control) and harvested 24 and 72 h later. The cell lysates

were analyzed by immunoblot for p-IRF3 (S386 phosphorylated), IRF3 (total IRF3), IFIT1, and actin (control) using

respective antibodies.

(B) PHH cultures were cultured alone or were treated with 100 ng/mL X-RNA (X100), or 100 ng/mL (P100) or 200 ng/mL

(P200) poly-U/UC PAMP, or were infected with SenV (control) and harvested 24 and 72 h later. Cells were harvested and

RNA was extracted and analyzed by RT-qPCR to measure the expression levels of the indicated innate immune genes

normalized to the level of GAPDH expression. Values are shown on the heatmap as mean fold induction over non-treated

cells from three independent experiments.

(C) PHH cultures were inoculated with HBV at moi of 200 Geq/cell. 24 h later the cultures were treated with CsA (treatment

control; 10 mM), 100 ng/mL X-RNA (X100), or 100 ng/mL (P100) or 200 ng/mL (P200) poly-U/UC PAMP. Three days later the

cells were harvested, DNA isolated by isolated Hirt extraction, and analyzed by Southern blot using an HBV-specific

probe. Viral protein-free DNAs (PF-RC DNA and cccDNA) are noted. Values under each lane show the percent remaining

cccDNA compared with non-treated control. The positions of mass markers are shown on the left.
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immune and immune modulatory signaling programs driven by specific cytokines to induce the expression

of genes whose actions can suppress cccDNA, cytokine therapy for treatment of chronic HBV faces the

obstacles of systemic toxicity from the broad off target, nonhepatic actions of cytokine treatment (Kwon

and Lok, 2011; Locarnini et al., 2015), underscoring the need for target-directed therapeutic strategies

that can also be coupled with current NA therapeutics against HBV.

We demonstrate that targeting RIG-I and the RLR pathway to activate IRF3 via the F7 small-molecule and

poly-U/UC PAMP agonists of RIG-I delivered to hepatocytes directs a specific RIG-I-dependent innate im-

mune response through IRF3 that effectively suppresses HBV cccDNA in a cell culture model of HBV infec-

tion. Furthermore, mechanistic studies show that the administration of F7 or poly-U/UC PAMP suppresses

de novo biosynthesis of cccDNA and enhanced cccDNA degradation rather than inhibiting the production

of newly synthesized HBV rcDNA as current NA HBV drugs do. Administration of F7 and poly-U/UC PAMP

induces IRF3 activation and expression of IRF3-target genes (Figure 1). Thus, the underlying mechanisms of

F7 and poly-U/UC PAMP to suppress cccDNA likely involve the actions of IRF3-target genes to block

cccDNA synthesis and impart actions that facilitate the destabilization and degradation of cccDNA to

deplete it from the infected cell. We note that F7 treatment of cells does not induce expression of type I

or III IFN, owing to the RIG-I activation properties of this class of compounds that do not impart signaling

to NF-kB but instead exclusively activate downstream IRF3 (Bedard et al., 2012; Probst et al., 2017). Thus, in

the case of F7 the antiviral actions to suppress cccDNA operate independent of IFN actions but through

IRF3-responsive genes. Our results show that poly-U/UC PAMP also induces robust IRF3-target gene

expression as well as a low level of IFN that can induce ISGs. Among these are the APOBEC3 genes, known

antiviral effectors against HBV replication (Turelli et al., 2004; Bonvin et al., 2006). IRF3 activation drives the

expression and production of various immune modulatory cytokines and chemokines, including CXCL10, a

chemoattractant for T cells (Zhai et al., 2008; Sankar et al., 2006), as well as directs the expression of factors
12 iScience 24, 101969, January 22, 2021
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that regulate ubiquitination (Maelfait and Beyaert, 2012) and a variety of cell signaling process (Zhou et al.,

2017). Thus we propose that IRF3-target genes include a variety of anti-cccDNA effectors in addition to the

known actions of the APOBEC genes. These effector genes then impart pleiotropic actions to (1) suppress

cccDNA amplification, (2) destabilize cccDNA and/or enhance cccDNA degradation, (3) impact nuclear

translocation or control uncoating/disassembly of the nucleocapsid to release RC DNA for cccDNA

formation (Kock et al., 2003; Rabe et al., 2003; Cui et al., 2015), and (4) regulate the extrachromosomal

DNAmetabolism to impact HBV cccDNA formation (Luo et al., 2020; Blackford and Jackson, 2017). Indeed,

we observed a marked reduction in the cccDNA t1/2 when cells were treated with F7 or poly-U/UC PAMP,

and this reduction was further enhanced when cells were co-treated with either of these plus ETV. In addi-

tion, for poly-U/UC PAMP, the antiviral actions against cccDNA could also include IFN-mediated actions

directed by the low-level IFN induction (Lucifora et al., 2014; Phillips et al., 2017; Xu et al., 2018; Robek

et al., 2005; Isorce et al., 2016). Interestingly, these actions of IFN and specific ISGs resulting from treatment

with poly-U/UC PAMP could have contributed to a suppression of cccDNA resulting in a modestly shorter

half-life compared with treatment with F7. How RIG-I/IRF3 signaling activation triggers cccDNA destabili-

zation or degradation remains to be determined. The antiviral action of F7 and poly-U/UC PAMPmight also

include regulation of extrachromosomal DNA metabolism in addition to function of cytidine deaminases

such as APOBEC3 genes. As HBV takes advantage of host DNA repair factors to repair the discontinuity

of RC-DNA and convert it into a transcription permissive cccDNA, one or more of these steps of cccDNA

production and maintenance could possibly be impacted by RIG-I/IRF3 actions (Long et al., 2017) (Sheraz

et al., 2019) (Luo et al., 2020) (Qi et al., 2016; Tang et al., 2019).

Our studies demonstrated that we can specifically target RIG-I and IRF3 to activate the RLR innate immune

program for the control of HBV infection through suppression of cccDNA, reducing the t1/2 to days

compared with weeks or months in the absence of treatment. Targeting innate immunity and the RLR

pathway thus offers an effective strategy toward the design of new antiviral therapies against HBV that

can be offered alone or in combination with NA for HBV treatment. Determining the innate immune targets

directed by RIG-I and IRF3 that impart depletion of cccDNA will bring insight into the mechanism of action

and unique antiviral properties of these unique drug candidates toward an HBV cure.
Limitations of the study

Our data indicate that administration of RIG-I agonists do not confer cytotoxicity using cellular ATP mea-

surement methods. However, the potential cellular toxicity of innate immune modulation is yet to be eval-

uated in vivo. The biological actions of our RIG-I agonists are currently being examined in animal models.
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Figure S1. F7 and poly-U/UC induce differential innate immune genes expression, 

Related to Figure 1. HepG2-hNTCP cells were infected with SenV (positive control) or 

treated with F7 (5 or 10 uM as indicated), X-RNA (100 ng/ml; X-100 and 200 ng/ml; X-200) or 

poly-U/UC PAMP 100 ng/ml or 200ng/ml as indicated for 24 and 72 hours. Cells were 

harvested at each time point. Total cellular RNA was purified and subjected to RT-qPCR 

analysis to measure the expression level of a panel of innate immune genes including IFIT1, 

CXCL10, IFITM1, RSAD2, RIG-I, MDA5, SAMHD1, APOBEC3A, APOBEC3G, IFN-α, IFN-β, 

and IFN-λ3. Gene expression levels were normalized to the level of GAPDH expression in 

each sample, and are expressed as the fold induction over that achieved with 2.5 % DMSO 

treatment (negative control) from three independent experiments. Data was presented as 

mean ± standard deviation (SD), *  P < 0.01, ** P < 0.005, *** P < 0.0005, **** P < 0.0001, 

and ns=non-significant. 
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Figure S2. Kinetics of HBV replication in parallel cultures of cells during treatment 

with F7 or poly-U/UC PAMP, Related to Figure 2. HepG2-hNTCP cells were infected with 

HBV at a moi of 1000 Geq/cell. After 24 hr the cells were treated with F7 (10 μM) (upper), or 

100 ng/ml X RNA or 100ng/ml poly-U/UC PAMP (lower). Cells were harvested at each time 

point, Hirt supernatants prepared and subjected to Southern blot analysis.  (B) HBV pgRNA 

was analyzed by RT-qPCR. Values from 20 Dpi of ‘HBV only’ was set to 100% for RT-PCR 

analysis. Data was presented as mean ± standard deviations (SD), *** P < 0.001, **** P 

< 0.0001, and ns = non-significant.(C) HBV intracellular capsid-associated DNA from cells 

treated with 10 uM F7 (upper) or 100ng/ml XRNA or poly-U/UC PAMP (lower) was analyzed 

by Southern blot. (D) Secreted HBsAg from HBV-infected cells treated with F7 (upper) or 

poly-U/UC (lower) was detected by ELISA. (E) Extracellular HBV-DNA was measured by 

qPCR from cells treated with 10 uM (left) or 100 ng/ml XRNA or poly-U/UC PAMP (right). 

Data are presented as mean ± standard deviation (SD) from three independent 

experiments. *** P = 0.0002. 
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Figure S3. CC50 analysis of of F7 and poly-U/UC PAMP treatment, Related to Figure 3. 

HepG2-NTCP Cells (A and C), dHepaRG (B and D), and PHH (E) were treated with 

increasing doses of F7 or poly-U/UC PAMP for 72 hours. Cell viability was determined 

concurrently by measuring ATP content, with values normalized to mock-treated cells. Graph 

represents the mean of triplicated samples in each of 3 independent experiments, with error 

bars showing standard deviation. ns=non-significant.



Figure S4. The half-life of cccDNA, Related to Figure 4. HepG2-NTCP cells were 

infected with HBV at an moi 1000 Geq/cell, At 3 dpi the cultures were left nontreated or 

were treated with  ETV (500nM) through the full 50 day time course by replacing the media 

each day with fresh media alone or containing ETV.  Cells were harvested at the indicated 

time points, DNA was isolated by Hirt extraction and analyzed by Southern blot using a

HBV-specific probe.  Percentage values below each lane indicate the relative amount of 

cccDNA present compared to day 3 levels.
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Figure S5. The half-life of cccDNA (𝑡1/2) and the delay before cccDNA starts 

decreasing (𝜏) estimated from the kinetics of decay of cccDNA under treatment, 

Related to Figure 5.  



Figure S6. Immunoblot analysis of HepG2-hNTCP cells transduced with 

CRISPR/Cas9 guide RNA constructs to target RIG-I (RKO) or MDA5 (MKO) or 

nontargeteing guide RNA (NT) control, Related to Figure 6. Cells were treated with 

100 U/ml IFN-b for 24 hrs. Cell lysates were prepared and analyze by immunoblot. The 

levels of RIG-I, MDA5, and IFIT1 and tubulin (house keeping protein control) were 

determined using respective antibodies.



Figure S7. Southern blot analysis of protein-free HBV DNAs with plasmid safe-

Dnase or T5 exonuclease treatment, Related to STAR Methods. HepG2-NTCP cells 

were infected with HBV at an moi 1000 Geq/cell.  Cells were harvested at the indicated 

time points, DNA was isolated by Hirt extraction. Hirt-extracted protein free DNAs were 

treated with 10 units of Plasmid-safe DNase or 10 units of T5 exonuclease to digest 

different formed DNAs, and analyzed by Southern blot using a HBV-specific probe. 



No Oligoname Sequence (5’→3’)

1 HBV cccDNA Fwd GCCTATTGATTGGAAAGTATGT

2 HBV cccDNA Rev GCTGAGGCGGTATCTA

3 HBV pgRNA Fwd CTCCTCCAGCTTATAGACC

4 HBV pgRNA Rev GTGAGTGGGCCTACAAA

5 IFIT1 Fwd AGAAGCAGGCAATCACAGAAAA

6 IFIT1 Rev CTGAAACCGACCATAGTGGAAAT

7 IFITM1 Fwd TACTCCGTGAAGTCTAGGGACAG

8 IFITM1 Rev AACAGGATGAATCCAATGGTCA

9 CXCL10 Fwd GTGGCATTCAAGGAGTACCTC

10 CXCL10 Rev TGATGGCCTTCGATTCTGGATT

11 RSAD2 Fwd CGTGAGCATCGTGAGCAATG

12 RSAD2 Rev TCTTCTTTCCTTGGCCACGG

13 RIG-I Fwd Qiagen SABiosciences # PPH20774A

14 RIG-I Rev

15 MDA5 Fwd Qiagen SABiosciences # PPH18927A

16 MDA5 Rev

17 IFNɑ Fwd TGCACCGAACTCTACCAGCA

18 IFNɑ Rev GTTTCTCCCACCCTCTCCTCC

19 IFNβ Fwd Qiagene SABiosciences # PPH00384F

20 IFNβ Rev

21 IFNγ Fwd Qiagene SABiosciences # PPH00380C

22 IFNγ Rev

23 IFNλ3 Fwd AAGGACTGCAAGTGCCGCT

24 IFNλ3 Rev GCTGGTCCAAGACATCCC

25 SAMHD1 Fwd TCACAGGCGCATTACTGCC

26 SAMHD1-Rev GGATTTGAACCAATCGCTGGA

27 APOBEC3A Fwd GAGAAGGGACAAGCACATGG

28 APOBEC3A Rev TGGATCCATCAAGTGTCTGG

29 APOBEC3G Fwd CCGAGGACCCGAAGGTTAC

30 APOBEC3G Rev TCCAACAGTGCTGAAATTCG

31 GAPDH Fwd ACAACTTTGGTATCGTGGAAGG

32 GAPDH Rev GCCATCACGCCACAGTTTC

33 MT-CO3* Fwd CCCCACAAACCCCATTACTAAACCCA

34 MT-CO3* Rev TTTCATCATGCGGAGATGTTGGATGG

Table S1. Primer Sequences, Related to Methods

* MT-CO3 : mitochondrial cytochrome c oxidase subunit 3



Transparent Methods 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit anti-IRF3 phosphoserine 386 Cell Signaling Cat#37829S 

Rabbit anti-IRF3 Cell Signaling Cat#4302S 

Rabbit anti-IFIT1 This Study  

Rabbit anti-RIG-I This Study  

Rabbit anti-MDA5 IBL Cat#29020 

Rabbit anti-Lamin B1 Abcam Cat#ab16048 

Mouse anti-Calnexin Abcam Cat#ab22595 

Mouse anti-ɑ-Tubulin Cell Signaling Cat#3873S 

Bacterial and Virus Strains  

Sendai virus strain Cantell Charles River 

Laboratory 

Loo et al., 2008 

Hepatitis B Virus Genotype D HepAD38 cells Ko et al., 2014a; Watashi 

et al., 2013 

Chemicals, Peptides, and Recombinant Proteins 

Anti-Digoxigenin-AP Fab Fragments Roche Cat#16646821 

Cell titer Glo Substrate Promega Cat#G755A 

CSPD Roche Cat#70457821 

Doxycycline Hyclate Sigma Cat#D9891 

Entecavir Sigma Cat#SML1103 

iScript select cDNA Synthesis Kit Bio-Rad Cat#1708897 

MegaShortScript T7 High Yield Transcription 

Kit 

Invitrogen Cat#AM1354 

PCR DIG Probe Synthesis Kit Roche Cat#11636090910 

Phenol:Chloroform:Isoamyl alchol Sigma Cat#P2069 

Plasmid-Safe ATP-dependent Dnase Lucigen Cat#E3101K 

SYBR Green PCR master mix Applied 

Biosystems 

Cat#1906524 

T5 exonuclease NEB Cat#M0363S 

Critical Commercial Assays 



Quick Titer Hepatitis B Surface Antigen ELISA 

Kit 

Cell Biolabs Cat#VPK-5004 

Experimental Models: Cell Lines 

Human: HepG2-C3A-hNTCP cells provided by Dr. 

Ju-Tao Guo 

Guo et al., 2017 

Human: HepAD38 cells provided by Dr. 

Aleem Siddiqui 

Watashi et al., 2013 

Human: HepaRG cells provided by Dr. 

T. Jake Liang 

Gripon et al., 2002 

Human: PHH isolated from chimeric mice This Study Ishida et al., 2015 

Oligonucleotides 

See Table S1 for primer sequences N/A N/A 

Software and Algorithms 

Prism GraphPad http://www.graphpad.com/

scientific-software/prism/ 

Fiji/Image J Image J http://fiji.sc/ 

Image Lab Bio-Rad http://www.bio-rad.com/en-

uk/product/image-lad-

software 

 

Experimental model and subject details  

Cell cultures: The human NTCP stably expressing human hepatoma cell line C3A, a subclone of 

HepG2 (kindly provided by Dr. Ju-Tao Guo, Baruch S. Blumberg Institute, USA) were maintained in 

Dulbecco modified Eagle medium (DMEM) supplemented with 10 % heat-inactivated FBS, 1 x 

Glutamax (GIBCO), 100 U/ml penicillin, and 100 μg/ml streptomycin and were selected/expanded 

with medium containing 1μg/ml of puromycin as previously described (Guo et al., 2017, Ko et al., 

2014a). HepAD38 cell line, which support produce HBV in tetracycline (TET)-inducible manner, were 

maintained as previously described (kindly provided by Dr. Aleem Siddiqui, University of California 

San Diego, USA) (Watashi et al., 2013). The human liver progenitor HepaRG cell line was kindly 

provided by Dr. T. Jake Liang (National Institutes of Health, USA ) and were cultured in complete 

William’s E medium supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 



Hydrocortisone 21-Hemisuccinate (Cayman), human insulin (Sigma), and 1 x Glutamax (GIBCO) 

(Gripon et al., 2002). Primary human hepatocytes were freshly isolated from chimeric mice that have 

humanized liver reconstituted with PHH. The recovered PHH were cultured in DMEM supplemented 

with 10% heat-inactivated FBS, 15μg/ml L-proline, 25ng/ml insulin, 50nM Dexamethasone, 5ng/ml 

EGF, and 0.1mM L-ascorbic acid 2-phospate, as described previously (Ishida et al., 2015). 

Generation of HepG2-hNTCP-NT/ RIG-I / MDA5 KO cell lines by using CRISPR system: For 

expression of human sodium taurocholate co-transporting polypeptide (hNTCP), the gene coding 

sequence was amplified from a cDNA clone prepared from dHepaRG cells. A carboxyl-terminal C9 

tag was added by PCR amplification. Transduced cells were selected with 20 μg/ml blasticidin and 

the best growing single cell clones were screened for their ability to support HBV infection. For 

CRISPR/Cas mediated gene knockout, guide RNA (gRNA) sequences were designed with the 

CRISPR tool of Benchling (Biology Software, 2017, https://benchling.com). The gRNA target 

oligonucleotides were cloned into Cas9-t2a-pRRL lentiviral vector by using the In-Fusion cloning kit 

(Takara). gRNA sequences used for gene knockouts were gRIG-I: 5’-

GGGTCTTCCGGATATAATCC-3’, and gMDA5: 5’-GTGGTTGGACTCGGGAATTCG-3’ (Esser-

Nobis et al., 2019). Upon transduction, cells were kept under continuous selection with 10 μg/ml 

puromycin and knockouts were confirmed by western blot.  

 

Method details 

HBV infection: HBV (Genotype D) was purified from the supernatant of HepAD38 cells by PEG 

concentration and subsequent sucrose gradient, as described previously (Watashi et al., 2013, Ko 

et al., 2014a). For HBV infection, cells were seeded into collagen-coated plates. One day later, the 

cells were infected with HBV in DMEM containing 4% polyethylene glycol 8000 (PEG-8000). The 

multiplicities of infection (expressed as virus genome equivalent/cell) are indicated in each Figure 



Legend. The inocula were removed 24 hours later, and the infected cultures were maintained in 

complete DMEM containing 2.5% DMSO until harvesting, as described previously (Ni et al., 2014). 

Reagents: F7 is a small molecule, N-(6-benzamido-1,3-benzothiazol-2-yl)naphthalene-2-

carboxamide) (see Figure 1A), based on a benzothizol core structure identified in a high-throughput 

screen for IRF3 agonists(Probst et al., 2017, Iadonato et al., 2018). F7 structure was obtained from 

the published patent (Iadonato et al., 2018) and synthesized de novo by Medchem Source, Inc. for 

use in our studies. Sendai virus (SenV) strain Cantell was obtained from Charles River Laboratory, 

and working stocks were generated as previously described (Loo et al., 2008). Mirus Trans-IT mRNA 

transfection reagent was used treatment of cells with X-RNA and PAMP-RNA.  Cyclosporin A 

(C1832) and Entecavir (SML1103) were obtained from Sigma Aldrich.   

In vitro transcription: The poly-U/UC PAMP-RNA and X-RNA were each synthesized from T7 

promoter-linked complementary oligonucleotides for the poly-U/UC PAMP RNA (Forward: 5′-

TAATACGACTCACTATAGGCCATCCTGTTTTTTTCCCTTTTTTTTTTTCTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTCTCCTTTTTTTTTCCTCTTTTTTTCCTTTTCTTTCCTTT-3′, Reverse: 5’- 

AAAGGAAAGAAAAGGAAAAAAAGAGGAAAAAAAAAGGAGAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAGAAAAAAAAAAAGGGAAAAAAACAGGATGGCCTATAGTGAGTCGTATTA -3’) and 

X-RNA (Forward: 5′-

TAATACGACTCACTATAGGTGGCTCCATCTTAGCCCTAGTCACGGCTAGCTGTGAAAGGTCCGT

GAGCCGCTTGACTGCAGAGAGTGCTGATACTGGCCTCTCTGCAGATCAAGT-3′, Reverse: 5’- 

ACTTGATCTGCAGAGAGGCCAGTATCAGCACTCTCTGCAGTCAAGCGGCTCACGGACCTTTC

ACAGCTAGCCGTGACTAGGGCTAAGATGGAGCCACCTATAGTGAGTCGTATTA -3’) as 

previously described (Saito et al., 2008, Kell et al., 2015). RNA products were generated by using 

T7 RNA polymerase and T7 MEGAshortscript kit (Ambion) according to the manufacturer's 

instructions. 10μg of oligonucleotide mixture were annealed using gradient PCR program (95°C 

2min, with gradual temperature decrease by 1°C/30sec to 50°C). After annealing, the reaction 

mixture was assembled in an RNase-Free micro-centrifuge tube with 7.5mM of each nucleotide, 

10x Reaction buffer, 2μg of template DNA and T7 enzyme as described by manufacturer, and the 



reaction was incubated at 37°C for 4 hours to allow in vitro transcription. DNA templates were then 

removed with Turbo DNase treatment and unincorporated nucleotides and protein were removed 

by phenol-chloroform extraction. RNAs were precipitated by using ethanol and ammonium acetate 

as described by the manufacturer and resuspended in nuclease-free water. RNA concentrations 

were determined by absorbance using a Nanodrop spectrophotometer. RNA quality and purity 

were assessed on denaturing 2% formaldehyde agarose gels. 

Reverse transcription quantitative real time PCR (RT-qPCR) and qPCR analyses: Total cellular 

RNAs were extracted from cells using TRIZOL reagent and the manufacturers' protocol (Invitrogen). 

cDNA was synthesized from the purified RNA by both random and oligo (dT) priming using iScript 

select cDNA synthesis kit (Biorad, Inc.). For HBV cccDNA expression analysis, total DNA was 

extracted using the DNeasy kit (QIAGEN). For selective cccDNA PCR analysis, isolated DNAs were 

treated with 10 units of T5 exonuclease (NEB) for 30 min 37°C and 5 min 95°C, and 4-fold dilution 

with Nuclease-free water. Phenol extraction was performed to remove any remaining T5 

exonuclease prior to DNA analysis. Relative mRNA levels of all target genes were quantified by RT-

qPCR performed using the ΔΔCT method, and expression levels were normalized to house-keeping 

genes. Real-time PCR assays were carried out using the SYBR green method (Applied Biosystems) 

performed using a Applied Biosystems 7300 thermocycler. Primer sequence information for RT-

qPCR analysis of human and HBV genes is provided in Table S1. 

Southern Blot analysis of HBV DNA: Southern blot analysis was performed on DNA isolated from 

cytoplasmic viral capsids exactly as previously described (Ko et al., 2014b, Ko et al., 2014a). To detect 

protein-free forms of HBV-DNA including cccDNA, a modified Hirt extraction method was used, as 

previously described (Guo et al., 2007, Cai et al., 2013). The Hirt extracted protein-free DNAs 

preparation was digested with plasmid-safe ATP-dependent DNase (Epicentre). The extracted Viral 

DNA forms were separated on 1.2 % agarose gel, transferred to positive charged nylon membrane 

(GE healthcare, Amersham) via upward capillary transfer, then hybridized with digoxigenin-labeled 

HBV-specific DNA probe. DNA signal was detected by DIG luminescent detection kit (Roche). To 

analyze protein-free forms of HBV DNAs, Hirt-extracted protein-free DNAs were treated with 10 



units of Plasmid-safe DNase or 10 units of T5 exonuclease to digest the different forms of viral DNA. 

Southern blot analysis shows that while Plasmid Safe-DNAse treatment facilitated recovery of both 

PF-RC DNA and cccDNA, T5 exonuclease treatment resulted in recovery of cccDNA without 

detectable levels of PF-RC DNA (Figure S7). To assess DNA levels for equal loading of Southern 

blots, we performed qPCR to measure mitochondrial cytochrome c oxidase subunit 3(MT-CO3)  

levels in DNA preparations, which were then used to normalize DNA levels for equal gel/Southern 

blot loading.  

Immunoblot analysis: Immunoblot analysis was performed essentially as described (Lee et al., 

2016). Cells were lysed with RIPA buffer containing 0.1 % dodium dodecyl sulfate in the presence 

of protease and phosphatase inhibitor cocktail (Sigma Aldrich). Lysates were separated by SDS-

PAGE followed by electrical transfer onto nitrocellulose membranes. The membranes were probed 

overnight at 4°C using the appropriate primary antibodies, and followed by the corresponding HRP-

conjugated secondary antibodies. The following primary antibodies were used for this study: Rabbit 

anti-IRF3 phosphoserine 386 (Cell Signaling), Rabbit anti-IRF3 (Cell Signaling), Rabbit anti-IFIT1 

(antibody 972; raised in rabbit against as IFIT1 437-490 aa peptide sequence), Rabbit anti-RIG-I 

(antibody 969; raised in rabbit against RIG-I aa 1-227 peptide sequence), Rabbit anti-MDA5 (IBL), 

Rabbit anti-Lamin B1 (Abcam), Mouse anti-Calnexin (Abcam) and Mouse anti-ɑ-Tubulin (Cell 

signaling).  

Immunofluorescence analysis: Immunofluorescence analysis was performed essentially as 

described (Lee et al., 2016). Briefly, cells seeded on collagen coated 24-mm coverslips were fixed 

with 3% paraformaldehyde and permeabilized with 0.2% Triton-X 100 in PBS. Cells were then 

incubated with mouse monoclonal antibody AR1 specific to IRF3 (Rustagi et al., 2013) and Rabbit 

anti-human NTCP (Invitrogen), followed by Alexa Flour 594-, or 488- conjugated specific secondary 

antibody, respectively (Invitrogen) and 4′,6-diamidino-2-phenylindole (DAPI) incubation. After 

immunostaining, coverslips were mounted with prolong Gold anti-fade reagent (Life Technologies) 

and images collected by Nikon Elipse-Ti confocal microscopy.   



Cytotoxicity assays: Cytotoxicity of each treatment was measured with CellTiter-Glo Luminescent 

cell viability assay kit and controls (Promega) that determine the number of viable cells in culture-

based quantitation of ATP present an indicator of metabolically active cells (Edwards et al., 2019). 

The plates were read using a luminescence plate reader (Berthold) and the relative luminescence 

unit (RLU) data generated from each well was calculated as percent signal compared to the 

untreated control. And values were expressed as CC50 values (50% cytotoxic concentration; the 

concentration of compound or poly-U/UC PAMP resulting in 50% reduction of absorbance compared 

to untreated cells, respectively). Tests were carried out in triplicate and each experiment was 

repeated three times. For the purpose of calculating selectivity index (SI), CC50 values greater than 

40 were assigned the maximum value of 40. The selectivity index (SI) of compound was calculated 

as followed: SI = CC50/IC50.  

HBV entry assay and cell fractionation: Cells were inoculated with HBV in presence of 4% PEG 

for 6 hours at 4°C. To assess HBV entry, inoculum was removed by washing with PBS that included 

proteinase K and cells were shifted to 37°C post-attachment. After incubation and treatment, the 

cells were lysed in a hypotonic buffer (100 mM HEPES, 15 mM MgCl2, 100 mM KCL and Nonidet P-

40), and homogenized with a dounce homogenizer. The cytoplasmic fraction was separated from 

nuclei pellet by centrifugation (6,000×g for 5 min at 4 °C). Nuclei pellet was resuspended in 

extraction buffer (20 mM HEPES, 15 mM MgCl2, 420mM NaCl, 0.2 mM EDTA and 25% (v/v) Glycerol 

including DTT and protease inhibitor cocktail). Each cellular fraction was mixed with 1% SDS (v/v) 

and protein-free DNA was extracted using the Hirt extraction method.  

ELISA: For ELISA, supernatant from cells were collected, centrifuged at 10,000 x g for 5 minutes, 

and liquid fraction recovered for analysis. HBsAg ELISA were performed on the recovered 

supernatant using the Hepatitis B virus s Antigen (HBsAg) Detection Kit (Cell BioLabs, INC.) 

following the manufacture’s instructions. 

cccDNA half-life analysis model: To analyze the decay of cccDNA under treatment, we employed 

the following mathematical model 𝐶(𝑡) = 𝐶(0) if t ≤  otherwise 𝐶(𝑡) = 𝐶(0)𝑒−𝜆(𝑡−𝜏), where 𝐶(𝑡) is 



the amount of cccDNA at time t post-treatment, C(0) is the cccDNA at the start of treatment,  is the 

rate of decay of cccDNA and  is the delay before therapy causes a decay in cccDNA. By 

simultaneously fitting the data from the three replicates under each of the four treatments, we 

estimated  and  using MATLAB R2017b. The half-life of cccDNA is calculated as ln (2)/  and 

reported in Figure S5. Using the function nlparci in MATLAB, which is based on the method of 

asymptotic normal approximation of the least squares estimator (Vandeginste, 1989), the 95% 

confidence interval of the parameters  and  were estimated and reported Figure S5. 

Quantification and Statistical analysis 

Statistical analyses were performed using Graphpad Prism software with multiple comparison. 

Continuous variable was reported as mean ± standard deviation (SD). For all tests, p values ≤ 0.05 

were considered as statistically significant 
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