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BACKGROUND & AIMS: Hepatitis C virus (HCV) infection is
sensitive to interferon (IFN)-based therapy, whereas hepatitis B
virus (HBV) infection is not. It is unclear whether HBV escapes
detection by the IFN-mediated immune response or actively
suppresses it. Moreover, little is known on how HBV and HCV
influence each other in coinfected cells. We investigated in-
teractions between HBV and the IFN-mediated immune
response using HepaRG cells and primary human hepatocytes
(PHHs). We analyzed the effects of HBV on HCV replication, and
vice versa, at the single-cell level. METHODS: PHHs were iso-
lated from liver resection tissues from HBV-, HCV-, and human
immunodeficiency virus-negative patients. Differentiated Hep-
aRG cells overexpressing the HBV receptor sodium taur-
ocholate cotransporting polypeptide (dHepaRGNTCP) and
PHHs were infected with HBV. Huh7.5 cells were transfected

with circular HBV DNA genomes resembling viral covalently
closed circular DNA (cccDNA), and subsequently infected with
HCV; this served as a model of HBV and HCV coinfection. Cells
were incubated with IFN inducers, or IFNs, and antiviral
response and viral replication were analyzed by immune fluo-
rescence, reverse-transcription quantitative polymerase chain
reaction, enzyme-linked immunosorbent assays, and flow
cytometry. RESULTS: HBV infection of dHepaRGNTCP cells and
PHHs neither activated nor inhibited signaling via pattern
recognition receptors. Incubation of dHepaRGNTCP cells and
PHHs with IFN had little effect on HBV replication or levels of
cccDNA. HBV infection of these cells did not inhibit JAK-STAT
signaling or up-regulation of IFN-stimulated genes. In coin-
fected cells, HBV did not prevent IFN-induced suppression of
HCV replication. CONCLUSIONS: In dHepaRGNTCP cells and
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EDITOR’S NOTES

BACKGROUND AND CONTEXT

Unlike HBV infection, Hepatitis C virus (HCV) infection is
sensitive to interferon (IFN)-based therapy. It is unclear
whether HBV escapes detection by, or suppresses, the
IFN-mediated immune response, and how HBV and
HCV influence each other in co-infected cells.

NEW FINDINGS

HBV neither activates nor inhibits the IFN response and is
rather insensitive to IFN-induced antiviral state. HBV is a
paradigm for a virus bypassing this important early
antiviral defense system.

LIMITATIONS

This study is based on the most advanced cell culture
systems that are suitable to study the interplay between
the IFN response and HBV as well as HCV.

IMPACT

These results validate the concept of HBV passively
bypassing the IFN system at every step of its replication
cycle.

PHHs, HBV evades the induction of IFN and IFN-induced anti-
viral effects. HBV infection does not rescue HCV from the IFN-
mediated response.

Keywords: Coinfection; Interferon-stimulated Gene; PRR; RIG-IL

With approximately 230 million chronically infected
humans worldwide,’ Hepatitis B virus (HBV) and
Hepatitis C virus (HCV) are global health threats. Infections
with either virus can lead to fibrosis, liver cirrhosis, and
hepatocellular carcinoma (HCC).” HBV/HCV coinfected in-
dividuals show faster disease progression and have higher
HCC risk than mono-infected individuals.” Although both
viruses share hepatotropism, their replication cycles and
biological properties differ profoundly. HCV belongs to the
family Flaviviridae and has a single-stranded RNA genome
of positive polarity. HCV is capable of blocking innate im-
mune signaling on several levels (eg, Mitochondrial
antiviral-signaling protein cleavage by the nonstructural
protein [NS]3-4A protease®), yet induces a strong interferon
(IFN) response in primary human hepatocytes (PHH),’
chimpanzees,® and acutely infected patients.” Nevertheless,
HCV is highly sensitive to IFN-« treatment both in vitro® and
in infected patients.’

Like HCV, HBV particles are enveloped but contain a
partially double-stranded, circular DNA genome within
their nucleocapsid. In infected cells, this genome is con-
verted into episomal covalently closed circular DNA
(cccDNA)'? serving as persistence reservoir. In contrast to
HCV, the way HBV interacts with the IFN system is only
partially understood (reviewed in Faure-Dupuy et al'').
This is due, at least in part, to the only recent discovery of
the HBV receptor sodium taurocholate cotransporting
polypeptide (NTCP)'“ enabling the establishment of widely
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available infection systems. With respect to the IFN system,
HBV is regarded as “stealth” virus, that is, it does not
induce an IFN response as observed in chimpanzees,'
acutely infected patients,'*'® and some in vitro infection
experiments.’®'” However, an IFN-} response in induced
hepatocyte-like cells derived from pluripotent stem cells'®
and a moderate up-regulation of IFN and IFN-stimulated
genes (ISGs) in HBV-infected uPA/SCID mice repopulated
with PHH have been reported.’® Moreover, several groups
found HBV proteins such as the HBx protein or the viral
polymerase to actively block pattern recognition receptor
(PRR)-mediated innate immune induction.?®?' However,
because these results are mainly based on artificial over-
expression of HBV proteins, the physiological relevance
remains elusive. Interestingly, Luangsay and colleagues®
reported an inhibition of IFN induction by unknown fac-
tor(s) present in their HBV inoculum, whereas Lebossé
et al*® reported a down-regulation of selected, among
others, innate immune genes in the liver of patients with
chronic hepatitis B (CHB) that was, however, not corre-
lated with HBV replication.

Equally controversial is the IFN sensitivity of HBV. On
the one hand, only a minor proportion of patients with
CHB can eliminate the virus by pegylated IFN treatment,**
consistent with results from various infection models in
which HBV replication can be reduced, but not eliminated,
by IFN treatment.”” Moreover, several studies report a
difference in IFN sensitivity of different HBV genotypes,*®
but this could not be recapitulated in cell culture.”” On the
other hand, stable HBV integrates are nearly nonrespon-
sive to IFN treatment unless supraphysiological amounts
of IFN are used,?® arguing that HBV might directly coun-
teract IFN signaling (eg, by modifying the transcription
factor STAT1 [Signal transducer and activator of tran-
scription]).?>*° In contrast, in HBV/HCV coinfected pa-
tients, HCV can be controlled by IFN both in co- and in
mono-infected patients,®’ and in an engineered HBV/
HCV cell culture system, viral interference was not
found.*”

Abbreviations used in this paper: APOBEC, apolipoprotein B mRNA edit-
ing enzyme catalytic subunit; cccDNA, covalently closed circular DNA;
CHB, chronic hepatitis B; circDNA, circular DNA; GFP-IRF3, green fluo-
rescent protein-interferon regulatory factor 3; HBeAg, hepatitis B e anti-
gen; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; HCV,
hepatitis C virus; dHepaRGNT®P, differentiated HepaRG stably expressing
NTCP; IFN, interferon; ISG, IFN-stimulated gene; MDA5, Melanoma
Differentiation-Associated protein 5; Mengoz", Mengovirus zinc mutant;
Mx1, Interferon-induced GTP-binding protein Mx1; NF-xB, nuclear factor
‘kappa-light-chain-enhancer’ of activated B-cells; NS, nonstructural pro-
tein; NTCP, sodium taurocholate cotransporting polypeptide; PBS, phos-
phate-buffered saline; pgRNA, pregenomic RNA; PHH, primary human
hepatocytes; p.i., postinfection; (p)STAT, (phospho) Signal transducer and
activator of transcription; PRR, pathogen recognition receptor; qPCR,
quantitative polymerase chain reaction; RIG-I, retinoic acid-inducible
gene 1; RVFV, Rift valley fever virus; STING, Stimulator of interferon
genes; TLR3, Toll-like receptor 3.
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Here we investigated the interplay of HBV and the IFN
system in an immune-competent infection system in which
HBV replication is driven from cccDNA. We used differen-
tiated and fully permissive HepaRG cells ectopically
expressing NTCP (dHepaRGN""),** as well as PHH, and
characterized HBV-infected cells on a single-cell level. We
also studied the interaction of HBV and HCV with the IFN
system by using a newly established immune-competent

HBV/HCV coreplication system.

Material and Methods

Unless specified, detailed information about used materials
and methods can be found in the supplementary material and
methods section.

Primary Human Hepatocyte Isolation

PHH for experiments in Figure 1 and Supplementary Figure 1
were isolated from liver resections of HBV-, HCV-, and human
immunodeficiency virus-negative patients. All patients gave
written informed consent for the experimental use of their
resected liver tissue. Ethical approval is covered with German
reference number #S-161/2007. PHH isolation was performed
as described previously.®>* Cells were seeded at a density of
approximately 7 x 10° cells/mL on rat tail collagen (Collagen R,
#47254; Serva, Heidelberg, Germany) coated plates and cultured
in Williams E medium containing 1.5% dimethyl sulfoxide, 100
ug/mL Gentamicin (Life Technology, Darmstadt, Germany),
82.56 mM hydrocortisone buffered with 10 mM Hepes [pH 7.4],
0.09 pg/mL insulin, 28.7 mL/ 500 mL medium PDH mix (1.12
mM glutamax; Gibco, Waltham, MA, 6 mL 5% glucose, 11.5 mL 1
M Hepes [pH7.4], 112 U/mL penicillin/ streptomycin [#15140-
22, Life Technology]). PHH used for experiments shown in
Supplementary Figure 7 were cryopreserved and Kindly provided
by T. Baumert. PHH used for the experiments shown in
Supplementary Figures 12 and 13 were obtained from Biopredic
(St Gregoire, France) and Cytes (Barcelona, Spain).

Immunofluorescence and Image Analysis

Cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 minutes and permeabilized with
0.5% Triton X-100 in PBS for 10 minutes. For phospho-STAT1
(pSTAT1) images, cells were fixed and permeabilized with ice
cold methanol for 20 minutes at —20°C. All samples were
incubated for 1 hour with 3% bovine serum albumin in PBS and
stained with the primary antibody (Supplementary Table 1),
diluted in PBS/1% bovine serum albumin, overnight at 4°C.
Cells were washed thrice with PBS and incubated for 1 hour
with the respective secondary antibody (Supplementary
Table 2). Nuclear DNA was stained with DAPI (4,6-
diamidino-2-phenylindole; MoBiTec, Gottingen, Germany).
Cover slides were mounted with fluoromount G (South-
ernBiotech, Birmingham, AL). Image acquisition was performed
with a Nikon (Tokyo, Japan) eclipse Ti microscope followed by
image processing with Image] (National Institutes of Health,
Bethesda, MD). Images from one experiment were processed
the same way. The ILASTIC software package (open source,
version 1.3.0, ilastik.org; Heidelberg, Germany)®® was used to
determine translocation events for green fluorescent
protein-interferon regulatory factor 3 (GFP-IRF3) and
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endogenous nuclear factor “kappa-light-chain-enhancer” of
activated B-cells (NF-«B).

Statistics

All statistical analyses were performed using the Prism
software package version 6 (GraphPad Software, Inc., La Jolla,
CA). Unpaired Student ¢t test was used to determine statistical
significance. Paired Student t test was performed when
groups of the same sample were compared (always indicated
as “same sample” in the figure). Significance levels are indi-
cated by asterisks: *P < .05; **P < .01; ***P < .001; ns, not
significant.

Results

HBYV Replicates in Immune-Competent
Differentiated HepaRGN" Cells and PHHs
and Bypasses the Intracellular PRRs RIG-I,
MDAS5, and TLR3

To investigate whether HBV can induce an IFN response
at any step of the viral life cycle, we infected immune-
competent dHepaRG""“" and PHH with HBV (genotype D).
The entry inhibitor Myrcludex B** added during inoculation
served as control to rule out unspecific IFN induction by
residual components contained in the virus stock. Infection
efficiency was approximately 5% in case of dHepaRGN"®?
cells and >90% in case of PHH as determined by HBV core-
specific immunofluorescence (Figure 14). To monitor HBV
replication kinetics, total RNA was harvested at several time
points after infection and pregenomic RNA (pgRNA) was
quantified by reverse-transcriptase quantitative polymerase
chain reaction (qPCR). pgRNA abundance reached a plateau
in both cell types 4 days after infection (Figure 1B), similar
to the production kinetics of hepatitis B e antigen (HBeAg)
and hepatitis B surface antigen (HBsAg) (Figure 1C). Entry
inhibition by Myrcludex B reduced replication markers 10-
to 100-fold.

Although HBV could infect both cell lines and replicate
with similar kinetics, no IFN-A1 or IFN-8 induction was
detected with C; values in the background range
(Figure 1D). Consistently, mRNA levels of multiple ISGs
selected on the basis of the study by Lebossé et al.** did not
change after HBV infection (Supplementary Figure 14 and
B), corroborating the lack of IFN response activation. This
was not due to IFN deficiency of used cells as revealed by
the up-regulation of IFN and ISGs on stimulation of naive
dHepaRGNT®? or PHH with Sendai virus or Rift valley fever
virus ANSs (RVFV), 2 activators of the retinoic acid-
inducible gene 1 (RIG-I) pathway,***” or with the Mengo-
virus zinc mutant (Mengo®"), a profound inducer of the
Melanoma Differentiation-Associated protein 5 (MDAS)
pathway.*® Moreover, also poly(I:C) added into the culture
supernatant to trigger the Toll-like receptor 3 (TLR3)
pathway*®*? induced the expression of IFNs and ISGs up to
1000-fold (Supplementary Figure 1C).

We corroborated this result in dHepaRGN"" cells with
another HBV genotype (C2) being highly prevalent in Asia*’
and reported recently to induce an IFN response.*’
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Figure 1. Robust infection of dHepaRGNT" cells and PHHs with HBV does not induce an interferon response. Differentiated
HepaRGNT°" cells or PHHs were infected with HBV genotype D (multiplicity of infection = 100 genome equivalents/cell). (A)
Fourteen days p.i., infection efficiency was determined by staining for viral core protein (red). Nuclear DNA was stained with
DAPI (gray). Scale bar = 300 um. (B) Time course of pgRNA accumulation in HBV-infected cells. (C) Kinetics of HBeAg and
HBsAg secretion. (D) IFN-8 and IFN-A1 mRNA abundance was determined by reverse-transcriptase gPCR at indicated time
points. Early time points are 2, 4, and 8 hours p.i. Myrcludex B (200 nM) served as HBV entry inhibitor control in (B) to (D).
Values are means and SDs from 2 independent experiments.

Replication of this isolate was well detectable, although activation of the IFN pathways or effectively suppresses
somewhat lower than the genotype D strain (Supplementary them, in any case independent from the genotype.

Figure 24 and B), but did not induce an IFN response either To distinguish between passive or active evasion, we
(Supplementary Figure 2C and D). Thus, HBV either avoids monitored nuclear translocation of NF-«B and IRF3, key



May 2018

events in the early activation of the cytokine response. For
this and all subsequent experiments, owing to higher repli-
cation, we used HBV genotype D. Although detection of
endogenous NF-xB by immunofluorescence was well possible,
endogenous IRF3 levels could not be visualized unambigu-
ously with available antibodies. Therefore, we established
dHepaRGN™  cells stably expressing GFP-tagged IRF3
(dHepaRGNTCP GFPIRF3) v monitor at single-cell level IRF3
translocation. Notably, expression of the GFP-IRF3 reporter
did not affect HBV replication, qualifying this cell system for
our analysis (Supplementary Figure 3). To monitor whether
HBV was capable of blocking RIG-I, MDAS, or TLR3-mediated
signaling, we infected dHepaRGNT®P GFPIRF3 cells with HBV.
Several days later (ie, when HBV replication was robustly
established), cells were stimulated as described in Figure 2 to
activate the signaling pathways. NF-«B did not translocate into
the nucleus both in nonstimulated, HBV-negative cells, and in
HBV-infected cells (Figure 24). This was not due to an acti-
vation block, because NF-«B translocation was well detected
in HBV-infected cells stimulated with RVFV or Mengo®" virus
or poly(I:C) (Figure 24 and C; Supplementary Figures 4-6).
Importantly, the extent of NF-«B nuclear translocation was
comparable between HBV-positive and -negative cells
(30%-50%) and also found in PHH (Supplementary Figure 7).
Analogous results were found with nuclear translocation of
GFP-IRF3 (Figure 2B and D; Supplementary Figures 4-6).
Although a minor, but in the background range, nuclear
translocation was found in HBV-infected cells in the absence of
stimulation, the magnitude of GFP-IRF3 translocation in
stimulated cells was well comparable between HBV-infected
and noninfected cells.

To exclude that GFP-IRF3 and NF-«B translocation in HBV-
infected cells is not induced by cytokines released from
HBV-negative stimulated cells, but directly induced within the
HBV-positive cell, we analyzed culture supernatants of RVFV
or Mengo®"-virus infected cells for the presence of activating
cytokines. Supernatants were transferred onto nonstimulated
cells and NF-«kB or GFP-IRF3 nuclear translocation was
monitored. Although tumor necrosis factor-« (used as control)
induced NF-«B, but not GFP-IRF3 translocation, culture su-
pernatants from stimulated cells did not (Supplementary
Figure 8) supporting our conclusion that activation of NF-xB
and GFP-IRF3 is induced within HBV-infected cells and not by
cytokines released from bystander cells.

HBYV Is Only Moderately Sensitive Toward
the IFN-« Induced Antiviral State

Having found that HBV did not block the IFN induction
pathways, we next investigated whether HBV is sensitive
toward ectopic IFN treatment. We treated dHepaRGNT®F
cells with IFN-a as depicted schematically in Figure 3A.
Consistent with a previous study,”” the number of HBV-
infected cells (Figure 3B), the levels of HBeAg and HBsAg
secretion (Figure 3C and D) and pgRNA levels (Figure 3E)
were reduced. Strongest effects were observed when cells
were treated with IFN-a before HBV infection and
throughout the observation period (condition “A”) reducing
these markers to 20% to 30% of nontreated cells. Treating
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the cells after virus inoculation for 9 days reduced viral
markers to approximately 50% (condition “B”). Stopping
treatment at day 4 postinfection (p.i.) or treating with IFN-«
between day 4 and 10 p.i. had the lowest impact on HBV
replication (condition “C” and “D,” respectively). Interest-
ingly, cccDNA levels were not reduced by any of these
treatment conditions as determined by qPCR or Southern
blot (Figure 3F; Supplementary Figure 9, respectively),
arguing for an IFN-« induced block of HBV replication
predominantly at the level of transcription and/or RNA
translation. Notably, IFN-« treatment neither impaired bile
salt transport of NTCP, nor the ability of preS1-domain of
the large HBV surface protein binding to NTCP, arguing
against HBV entry inhibition (Supplementary Figure 10).

HBV Does Not Block Jak-STAT Signaling
and Subsequent ISG Expression

Given the very moderate inhibition of HBV by IFN-«, we
explored if HBV could block IFN-a-mediated signaling by
monitoring nuclear translocation of pSTAT1 and activation
of ISG expression. We stimulated dHepaRGN" cells 8 days
p.i. with HBV for 90 minutes with different concentrations of
IFN-a and quantified nuclear translocation events by
immunofluorescence microscopy. In untreated cells, virtu-
ally no nuclear pSTAT1 signal was detected, both in HBV-
negative and HBV-positive cells (Figure 44; Supplementary
Figure 11). However, on IFN-a treatment, pSTAT1 trans-
location was observed in uninfected and HBV-infected cells,
indicating that HBV does not block STAT1 phosphorylation
and subsequent nuclear translocation. The percentage of
cells with nuclear pSTAT1 signal increased to nearly 100%
in an IFN concentration-dependent manner (Figure 4B). At
any given IFN concentration, HBV did not block pSTAT1
translocation, but instead increased translocation at low
IFN-a concentration with the number HBV-positive cells
being twice as high on treatment with 10 IU/mL IFN-«
(Figure 4B). Of note, comparable results were obtained with
PHH (Supplementary Figure 12).

To examine whether translocated pSTAT1 induces ISG
expression, we stimulated HBV-infected dHepaRGN"" cells at
day 7 p.i. for 24 hours with different concentrations of IFN-«
and measured the expression of HBV core as well as the ISG
Interferon-induced GTP-binding protein Mx1 (Mx1) by flow
cytometry (Figure 4C). Mx1 was undetectable in most non-
stimulated cells and independent from HBV. Expression of
Mx1 increased dose dependently after IFN-« treatment in
noninfected and HBV-infected cells, the latter reacting even
more pronounced (Figure 4D). Analogous results were ob-
tained with PHH examined by immunofluorescence micro-
scopy (Supplementary Figure 13). Taken together, these
results show that HBV does not counteract IFN-a-mediated
ISG expression in fully permissive immune-competent cells.

Transfected Circular HBY DNA Genomes
Serve as cccDNA Surrogate and Allow
HBV/HCV Coreplication in Huh7.5 Cells

Although rare, HBV/HCV coinfection profoundly in-
creases the risk of serious liver damage as compared with
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mono-infection. To study the impact of HBV/HCV coinfec-
tion on the IFN response, we took advantage of the fact that
HCV is highly sensitive to IFN and, thus, a sensitive probe to
monitor the antiviral state in a cell coreplicating HBV.
Therefore, we established a system that is based on the use

Non-stimulated

A HBC,

NF-kB

. nucleus

GFP-IRF3 HBc, GFP-IRF3; nucleus

@)

Gastroenterology Vol. 154, No. 6

of the highly HCV-permissive Huh7 cell clone Huh7.5.*
Although these cells are poorly permissive for HBV entry,
even on stable overexpression of NTCP, they support highly
efficient HCV replication. This is not the case with
HepG2""" and dHepaRGN'®?, as well as PHH where HCV
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Figure 3. Limited inhibition of HBV replication by the antiviral state induced by IFN-«. dHepaRGNTC" cells were infected with
HBV and treated with 100 IU/mL IFN-« at time points depicted in (A), or left untreated. The percentage of HBV core-positive
cells at day 10 p.i. (B) as well as the kinetics of HBeAg and HBsAg secretion (C and D, respectively), pgRNA (E) and cccDNA
accumulation (F) were quantified and normalized to the corresponding nontreated controls. Values obtained with cells
treated with the entry inhibitor Myrcludex B (200 nM) added during HBV-inoculation served as negative control (day 1 and day
10 for cccDNA). n = 3 for all samples except for cccDNA (n = 4). HBV core-positive cells were determined by flow cytometry.
**P < .001; ns, not significant.

replication is very transient.” To overcome the limitation of
Huh?7.5 cells for HBV entry, we generated circular and
authentic full-length HBV genomes by using in vitro ligation
(Figure 5A). These genomes, designated here HBV circu-
lating DNA (circDNA), lack any heterologous sequence and

on transfection into Huh7.5 cells served as a cccDNA sur-
rogate.””** Approximately 10% of the cells expressed HBV
core protein 7 days after transfection (Figure 5B). HBeAg
amounts released from transfected cells were stable
throughout a 10-day observation period and slightly higher

d

Figure 2. Activation of RIG-I-, MDA5-, or TLR3-mediated signaling is not modulated by HBV in dHepaRGN"°" cells. HBV-
infected dHepaRGNTCP GFP-IRFS cells were stimulated at 7 days p.i. with RVFVANSs (RIG-I inducer; 20x median effective
concentration) for 16 hours, or at 8 days p.i. with the Mengo?" virus (MDAS5 inducer; multiplicity of infection = 10) for 8 hours, or
at 8 days p.i. with 10 ug/mL poly (I:C) added into the culture supernatant for 1 hour to stimulate the TLR3 pathway. (A and B)
Representative zoomed images showing translocation of endogenous NF-«B (A) or GFP-IRF3 (B) in HBV-infected cells with or
without RVFVANSSs stimulation. NF-«B is shown in yellow, HBV core in red, GFP-IRF3 in green, and nuclei in gray. Light blue
arrows: HBV-infected cells without translocation; pink arrows: HBV-infected cells with NF-xB or GFP-IRF3 translocation; rosy
arrows: noninfected cells without translocation; white arrows: noninfected cells with nuclear NF-«B or GFP-IRF3. Scale bar =
25 um. (C) Quantification of NF-«B translocation events in HBV- or noninfected (NI) cells that were either nonstimulated (ns) or
stimulated by infection with RVFVANSs or Mengo®" or by treatment with p(l:C). (D) Quantification of GFP-IRF3 translocation
events after treatment, as in (C). For (C) and (D): Images were quantified with the ILASTIC software package analyzing 8 to 10
images per condition and experiment from at least 3 independent experiments. Approximately 12,000 cells were analyzed per
condition. *P < .05; *P < .01; ns, not significant.
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than HBeAg amounts released from cells transfected with a
control plasmid encoding an HBV overlength genome under
control of a cytomegalovirus promotor (Figure 5C). Further,
by using qPCR and subcellular fractionation, we calculated
that one transfected cell contains approximately 300 copies
of circHBV DNA (Supplementary Figure 14). Although this
exceeds cccDNA levels observed in humans, circDNA abun-
dance is similar to the one reported for other model systems
(~50 copies/cell).*’

To evaluate whether HBV-replicating cells can be
superinfected with HCV, we infected Huh7.5 cells 4 days
after transfection with HCV and quantified HBV core and
HCV NS5A protein expression in single cells using flow
cytometry 5 days after HCV infection (Figure 5D). We did
not observe a correlation between HBV core and HCV NS5A
levels in cells expressing both proteins arguing that repli-
cation of one virus does not affect replication of the other.
Consistently, approximately 40% of both, the total and the
HBV-positive, cell populations were infected by HCV
(Figure 5E), and HCV did not affect HBV replication as
deduced from the HBV core protein expression determined
by flow cytometry (Figure 5D). Moreover, HBsAg amounts
released from the cells were well comparable between HBV
single-positive and HBV/HCV  double-positive cells
(Figure 5F). We concluded that HBV replication does not
hamper HCV superinfection in Huh7.5 cells.

HBYV Does Not Protect HCV From the
Antiviral Activity of IFN

Taking advantage of this cell culture system we inves-
tigated whether HBV suppresses the IFN response and
protects HCV from the antiviral state induced by ectopically
added IFN. HBV circDNA-transfected Huh7.5 cells were
treated with 100 IU/mL IFN-« or 10 ng/mL IFN-A1 one day
before HCV superinfection (“pre”’-treatment) or after su-
perinfection (“post”-treatment) (Figure 64). We chose these
2 IFN types because they play important roles in HCV®**
and used concentrations with comparable biological activ-
ity as determined with an HCV-based bio-assay
(Supplementary Figure 154). HBV was not affected by IFN
treatment, whereas HCV was reduced by 80% (Figure 6B
and C). Importantly, the number of HCV-positive cells was
reduced to the same extent in HBV-negative and HBV-
positive cells, demonstrating that HBV did not protect HCV
from the antiviral state of IFN-« (Figure 6B and C) and IFN-A
(Figure 6C and Supplementary Figure 15B). In summary,
these results show that HBV does not interfere with IFN-«

d
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induced signaling and is unable to rescue HCV from the
antiviral state induced by these cytokines.

Discussion

By using single-cell analyses of dHepaRGN"“F cells and
PHH we obtained results in full support of the concept that
HBV is a “stealth” virus bypassing the IFN response.
Consistent with that, Suslov and coworkers (personal
communication, 2017) did not observe a PRR block by HBV
after Sendai virus or poly(I:C) stimulation using liver bi-
opsies obtained from patients with CHB. Moreover, very
recently Cheng et al'” also reported passive evasion of HBV
from the innate immune system in hepatocytes.

Earlier studies described counteractions against PRR
signaling (eg, mediated by HBx or the viral polymerase).**!
Moreover, several groups reported interference with IFN
signaling by HBV.?”*®*” These results are at variance with
our report, but the studies were based on artificial over-
expression of individual HBV proteins and, thus, their
physiological relevance remains to be determined. More-
over, Sato and colleagues”’ reported an HBV genotype C-
dependent activation of the IFN system, which we did not
detect. The reasons for this discrepancy are unclear, but
might be due to the experimental conditions used, such as
the purification method of virus inocula. Likewise, Luangsay
et al® reported an inhibition of PRR-mediated signaling by
HBV, which they ascribe to an unknown component present
in their HBV inoculum apparently absent in our virus
preparation (Supplementary Figure 16). Alternatively, other
PRRs and signaling pathways, such as cyclic GMP-AMP
Synthase/Stimulator of interferon genes (STING) or IFI16
might be inhibited by HBV, as reported earlier by Liu and
coworkers.’! However, also the latter study was based on
overexpression of a single HBV protein (the P-protein) and
therefore, the in vivo relevance of the finding remains to be
determined. In any case, we note that in many studies,
including ours, only responses from hepatocytes were
analyzed, whereas in vivo immune cells, such as T-cells, NK-
cells, Kupffer cells, and others sense HBV infection.*® This
might explain why successful response to IFN therapy ap-
pears to correlate with the activation of distinct immune
pathways."’

The mechanism by which HBV hides from PRR sensing
most likely is due to its replication strategy. All viral RNAs
are generated by cellular enzymes from the cccDNA and
have a regular 5’ cap and 3’ poly(A) tail. The pgRNA is
packaged into nucleocapsids and shielded from cytoplasmic

<

Figure 4. HBV does not block IFN-a mediated signaling and subsequent ISG expression. HBV-infected dHepaRGN°F cells
treated with given concentrations of IFN-« for 90 minutes at day 8 p.i. were harvested for pSTAT1 analysis (A and B) or treated
for 24 hours with IFN-« at day 7 p.i. before Mx1 detection (C and D). (A) Representative immunofluorescence overview and
zoom images (insets indicated by white squares) of HBV-infected cells mock treated or with 100 IU/mL IFN-«. Merge images
show nuclear DNA (DAPI; gray), HBV core (red) and pSTAT1 (green). Light blue arrows: HBV-infected cells without pSTAT1
translocation; rosy arrows: noninfected cells without translocation; pink arrows: HBV-infected cells with pSTAT1 translocation;
white arrows: noninfected cells with nuclear pSTAT1. Scale bars = 100 um and 25 um (overview and insert, respectively). (B)
Quantification of 3 independent experiments of (A). (C) Representative panels of flow cytometry analysis of HBV core- (y-axis)
and Mx1- (x-axis) expressing cells 24 hours after IFN-« treatment. (D) Quantification of 3 independent experiments of (C). ns,

not significant; *P < .05; *™P < .01; *™P < .001.
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Figure 5. In vitro ligated, circular (circ) HBV genomes support viral replication and allow HCV superinfection in HBV-replicating
cells. (A) Schematic of circHBV genome generation. HBV genomes are released from a plasmid containing 2 genome copies
by EcoRI and subjected to in vitro ligation to yield circHBV genomes. Linear DNA is removed by nuclease digestion and
preparative gel electrophoresis. (B) Huh7.5 cells were transfected with 200 ng circHBV and viral replication was monitored by
immunofluorescence for HBV core protein (red) 7 days post transfection (p.t.). Nuclear DNA was stained with DAPI (gray). (C)
Kinetics of HBeAg secretion from circHBV-transfected cells. For comparison, Huh7.5 cells were transfected with 200 ng of a
1.1 HBV overlength plasmid in which the pgRNA is transcribed under control of the cytomegalovirus promoter. (D) Huh7.5 cells
were transfected with circHBV, superinfected with HCV (multiplicity of infection = 0.1) 4 days p.t. and analyzed by flow
cytometry 5 days thereafter. Cells were stained for HBV core and HCV NS5A. (E) Quantification of the percentage of HCV
NS5A-positive cells in HCV single infected samples (HCV) or in the HBV-positive cell population. (F) Kinetics of HBsAg
secretion from either HBV transfected cells or HBV/HCV coreplicating cells.

sensors, only there does reverse transcription take place.
Although these capsids are leaky to allow the passage of
nucleotides, the capsid “pores” (diameter approximately
1.2-1.5 nm°") most likely are too small to allow passage of
PRRs, such as RIG-I or MDAS or cyclic GMP-AMP Synthase.
Moreover, HBV DNA is transported into the nucleus inside

the nucleocapsid, thus escaping recognition during the entry
process®’ or the assumed intracellular amplification phase
via nuclear reimport of nucleocapsids.”* Although being a
plausible explanation, an appropriate PRR capable of
sensing HBV might be lacking or too low in abundance in

hepatocytes as suggested by Thomsen et al,’® including
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Figure 6. HBV does not protect HCV from the antiviral activity of IFN-« or IFN-4. (A) Schematic overview of the experimental
setup. Huh7.5 cells were transfected with HBV circDNA and superinfected with HCV (multiplicity of infection = 0.1) 4 days
later. Cells were treated with 100 IU/mL IFN-« as depicted or left untreated (control). (B) Representative experiment analyzed
by flow cytometry. (C) Quantification of 3 independent experiments using either IFN-« (100 1U/mL) or IFN-2 (10 ng/mL). ns, not

significant.

dHepaRGN"“" and PHH as used here, or expressed only in
very specialized cell systems, such as micropatterned co-
cultures of PHH with stromal cells.'"® Cheng et al'” could
show that ectopic overexpression of the adaptor protein
STING enables HepG2N"? cells to mount an IFN response
on HBV infection, supporting the hypothesis of Thomsen
and colleagues.”® Comparing PRR expression patterns in
different cell systems should ultimately help to solve this
question.

HBV is also only moderately sensitive to the antiviral
state induced by IFN, as concluded from 2 observations.
First, only approximately 10% of patients with CHB are able
to clear the infection under pegylated IFN-« treatment as
deduced from HBsAg seroconversion.”* Second, both in
infected dHepaRGNT®" cells (this study) and in PHH,*
treatment of HBV-infected cells with IFN had only a minor
impact on viral replication. Strongest antiviral effects were
observed under pretreatment conditions, consistent with a
recent study suggesting that IFN triggers the release of

soluble factors blocking heparan glycosaminoglycans and
inhibiting the attachment of HBV particles to cells.”* Apart
from such a possible entry block, our results show that IFN
affects the HBV replication cycle primarily at the level of
transcription or RNA translation. Considering transcription,
several studies reported epigenetic silencing of cccDNA.”> >’
In addition, several other modes of action of IFN on HBV
replication have been described, such as altering the sta-
bility of viral mRNAs,”®®° blocking pgRNA packaging,*"*"°
accelerating the degradation of viral nucleocapsids,®® and
suppression of virus particle secretion via Tetherin.°* In
addition, an IFN-induced cccDNA degradation via APOBEC
3A (apolipoprotein B mRNA editing enzyme catalytic sub-
unit) has been reported.”>® Surprisingly, we observed little
effect of IFN-a on cccDNA levels using gqPCR or Southern
blot, which might be due to poor up-regulation of APOBECs
compared with other ISGs in our cells (Supplementary
Figure 9E). APOBEC mRNA up-regulation was also low af-
ter stimulation of the IFN response with Mengo" in PHHs
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and dHepaRGN™" cells, arguing for weak induction of
APOBECs in hepatocytes in general (Supplementary
Figure 9E and F).

Several studies reported an active block of the IFN
signaling cascade and subsequent ISG expression by HBV.
By using uPA/SCID mice repopulated with PHH, Liitge-
hetmann and coworkers®’ detected an inhibition of nuclear
translocation of STAT1 in IFN-« treated HBV-infected ani-
mals, which is at variance to our observation. Although the
reason for this discrepancy is not clear, we note that un-
altered IFN signaling as found by us is consistent with
studies conducted by Chen et al®® using HepG2.215 cells,
and by Suslov et al, who used HBV-positive human liver
biopsies (personal communication, 2017). Moreover, re-
sults obtained with the HBV/HCV coreplication model
corroborate our conclusion that HBV does not block the
[FN-induced antiviral state, because in individual HBV/HCV
double-positive cells, HCV is efficiently suppressed by IFN,
whereas HBV is not.

Although the use of the HBV/HCV coreplication system
as reported here is superior to earlier systems based on the
inducible expression and replication of HBV,*? it still has
some limitations. Notably, unambiguous detection of de
novo HBV DNA replication is not possible due to high
amounts of HBV circDNA required for transfection; never-
theless, infectious HBV is produced (Supplementary
Figure 14). Moreover, although HBV circDNA was found to
be associated with histones comparable to cccDNA,?” the
epigenetic modifications induced by IFN treatment might
differ. In any case, the HBV/HCV coreplication system is
robust and can be used to study both viruses at the single-
cell level. For instance, we found that suppression of HCV
with the direct-acting antivirals Sofosbuvir or Daclatasvir
had no effect on HBV (Supplementary Figure 17), consistent
with the assumption that HBV reactivation in treated pa-
tients appears to be immune-mediated.®®

In conclusion, by using immune-competent cell culture
models, we show that HBV does not induce an IFN response
in hepatocytes. This absent sensing is neither due to a block
of RIG-I, MDAS5, or TLR3 signaling nor to an inhibition of the
Jak-STAT signaling pathway and subsequent ISG activation.
Collectively, our single-cell-based functional studies
strengthen the notion of HBV being a “stealth” virus
bypassing the IFN system.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2018.01.044.
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Supplementary Material and Methods

Cell Lines

All cells were incubated at 37°C, 5% CO, and 95% hu-
midity. HepaRGN™ and HepaRGNT®P CFPIRF3 calls were
generated by lentiviral transduction as described earlier,’
selected for NTCP expression by using 5 ug/mL puromy-
cin and for GFP-IRF3 expression by using 5 ug/mL blasti-
cidin and cultured and differentiated as described
elsewhere.? Differentiated HepaRGNTF cells were used for
most of the infection experiments, as they are phenotypi-
cally closer to PHHs, including the response to IFN.
Further, as most studies were based on single selected
cell clones of HepG2NT" cells, we used dHepaRGN" cells
to avoid clonal effects. Huh7.5 and Huh7 cells containing a
stable HCV luciferase replicon” were cultured in Dulbecco’s
modified Eagle’s medium (Life Technologies, Germany)
containing 10% fetal calf serum, 1x nonessential amino
acids (Life Technologies, Darmstadt, Germany), 100 ug/mL
penicillin, and 100 pg/mL streptomycin. Huh7 and Huh7.5
cells were seeded at a density of 8 x 10* and 1.6 x 10° cell/
mL, respectively. HepG2NTF cells were cultured like Huh7.5
cells and used only for the experiment shown in
Supplementary Figure 14E. Four percent PEG was present
in the inoculation medium and 2% dimethyl sulfoxide was
added to the culture medium throughout the whole exper-
imental period.

Virus Stocks, poly(l:C), IFN, and DAAs

HBV genotype D was purified as previously described.”
In brief, HBV contained in culture supernatant of
HepAD38 cells was purified by heparin affinity chroma-
tography. HBV genotype C2 was generated by transfecting a
pcDNA3.1(+) HBV1.1 overlength construct into Huh7 cells.
Medium was changed 24 hours post transfection. Super-
natant was collected from days 3 to 5,5 to 7, and 7 to 9,
filtered through a 0.45-uM sieve, pooled, and purified by
heparin affinity chromatography. HBV genome equivalents
(GEs) were determined by qPCR at the virological diag-
nostic center of the University Hospital Heidelberg. Cells
were inoculated with HBV (100 GEs/cell) in the presence of
4% polyethylene glycol (PEG) 8000 for 24 hours. After
infection, cells were washed 3 times with PBS. Rift valley
fever virus encoding Renilla luciferase in lieu of the NSs
protein (RVFVANSs) (kind gift from Friedemann Weber,
Giefden, Germany) was cultured in BHK cells. The virus was
titrated on dHepaRGN"" cells by inoculation with serial
dilutions and measurement of luciferase activity 24 hours
later. The Mengo™ virus mutant (ie, a Mengo virus con-
taining a mutation in the zinc binding domain of the viral
leader protein®) was a kind gift of Frank van Kuppeveld
(University Utrecht) and was amplified as reported.® Titers
of infectious virus were determined by limiting dilution
assay on BHK cells (tissue culture infection dose 50%
[TCIDso]) as described earlier.” Sendai virus (kindly pro-
vided by Rainer Zawatzki, Heidelberg, Germany) was
amplified in LSL Valo SPF embryonic chicken eggs
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(Lohmann Tierzucht, Cuxhaven, Germany) as described
previously’ and titrated on Hela cells. Cell-culture derived
HCV JC1 (HCVcc) was generated as reported.” PEG-
concentrated virus stocks were titrated on Huh7.5 cells
and TCIDsg values were determined as previously
described” and by using the algorithm available under
http://www .klinikum.uni-heidelberg.de/Downloads.126386.
0.html. For TLR3 stimulation, 10 ug/mL poly(I:C) (Sigma-
Aldrich, Schnelldorf, Germany) was added to the cell culture
medium. IFN-a2 (PBL Laboratories, New York, NY) as well
as IFN-A1 (PeproTech, Hamburg, Germany) were used at the
indicated doses and were added freshly after each medium
change. Sofosbuvir (SOF) and Daclatasvir (DCV) were used
at final concentrations of 727 nM and 730 nM, respectively.

cccDNA Quantification by gPCR

cccDNA copy numbers were analyzed as reported pre-
viously.” In brief, total DNA was isolated with the Nucleo-
Spin Tissue Kit (Macherey-Nagel, Duren, Germany) and
incubated with 5 units T5 exonuclease (New England Bio-
labs, Ipswich, MA) for 1 hour at 37°C, followed by enzyme
inactivation for 20 minutes at 70°C. qPCR was performed
using the PerfeCTa qPCR Toughmix (Quanta Biosciences,
Beverly, MA), cccDNA-specific primers and probe (see
Supplementary Table 3) and a 2-step program (step 1:
preheating: 95°C/15 minutes; step 2: annealing: 95°C/5
seconds; step 3: polymerization: 63°C/70 seconds; repeated
steps 2 and 3 for 50 cycles). The pSHH2.1 plasmid® con-
taining a head-to-tail HBV dimer served as a template
for the standard. For oligonucleotide sequences see
Supplemental Table 3.

cccDNA Quantification by Southern Blot

cccDNA analysis isolation and analysis is adapted from
Cai et al.’” Seven 10-cm-diameter dishes were used per
condition. HepaRGN"? cells were washed twice with PBS
and lysed by adding 7.5 mL of lysis buffer (10 mM Tris and
10 mM EDTA pH = 7.5) and 0.5 mL of 10% sodium dodecyl
sulfate per dish. After 30 minutes of incubation at room
temperature, lysates were transferred into reaction tubes, 2
mL 5 M NaCl was added, and samples incubated at 4°C
overnight. Samples were centrifuged for 30 minutes at 4°C
in a table-top centrifuge and supernatants were extracted
twice with an equal volume of phenol and once with an
equal volume of phenol/chloroform/isoamylalcohol
(25:24:1). After precipitation, DNA was washed with 70%
ethanol and DNA from seven 10-cm-diameter dishes was
dissolved in 100 uL TE buffer (10 mM Tris HCI [pH. 7.5], 1
mM EDTA). A control sample was digested with EcoRI to
linearize cccDNA and 30 uL of each sample was separated
by electrophoresis into a 1.2% agarose gel. The gel was
depurinated by soaking for 10 minutes in freshly prepared
0.2 M HCl, denatured in 0.5 M NaOH/1.5 M NaCl for 1 hour
and neutralized for 1 hour at room temperature in 1.5 M
NaCl, 1 M Tris HCI [pH7.4]. Capillary gel blotting onto nylon
membrane was performed overnight in 20xSSC buffer
(0.3 M sodium citrate in 3M NaCl). DNA was cross-linked by
UV irradiation, blots were soaked in commercial
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hybridization buffer (QuikHyb 201221-21; Agilent, Santa
Clara, CA) at 60°C and incubated with a [**P]-dCTP radio-
labeled HBV probe (genotype D) in the same buffer over-
night. The membrane was washed 4 times each for 15
minutes in 1xSSC/0.5% sodium dodecyl sulfate bound
radiolabeled probe was detected by using a phosphor
imager (Typhoon FLA 7000, GE Healthcare, Little Chal-
font, UK). Images were quantified using the Image] soft-
ware package (imagej.nih.gov/ij).

Reverse-Transcriptase gqPCR

Total RNA was extracted with the NucleoSpin RNA kit
(Macherey-Nagel) and after DNA digestion used for reverse
transcription using the Applied Biosystems (Foster City, CA)
kit (#4368814) as recommended by the manufacturer. To
exclude DNA contaminants, a mock reverse transcription
without reverse transcriptase was performed for every
sample for pgRNA quantification. gPCR was performed with
a SYBR green universal mix (#172-5124; BioRad, Hercules,
CA). GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
served as reference. The AAct-method according to Livak
and Schmittgen'® was used to determine relative mRNA
amounts. A pcDNA HBV 1.1 plasmid served as a standard to
determine pgRNA copy numbers. For oligonucleotide
sequences, see Supplementary Table 3.

HBV circDNA Generation and Transfection

The plasmid pSHH2.1° containing 2 copies of the HBV
genotype D (subtype ayw) genome was restricted with
EcoRI and excised genomes were purified by preparative
agarose gel electrophoresis. Single circular HBV genomes
were generated by self-ligation after high dilution of viral
DNA (1 ng/uL DNA) by using T4 DNA ligase. After 1 hour at
room temperature, DNA was concentrated by using spin
columns (Macherey-Nagel NucleoSpin Gel and PCR Clean-
up). To remove linear DNA molecules, samples were
digested with T5 exonuclease (New England Biolabs) for 1
hour at 37°C and separated by agarose gel electrophoresis
to exclude circles containing 2 or more HBV copies. Excised
single circular HBV DNA genomes (HBVcirc) were eluted by
using the NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel), and the concentration of purified DNA was deter-
mined by spectrophotometry. Huh7.5 cells were transfected
with HBVcirc DNA (~7.4 x 10° copies/cell) by using the
Mirus (Madison, WI) TransIT transfection reagent. To keep
amounts of transfected DNA constant (500 ng DNA per well
of a 24-well plate) and for mock transfection the pBlue-
script K (=) vector (Agilent) lacking eukaryotic promotors
was used as carrier. Medium was exchanged 24 hours post
transfection.

HBeAg and HBsAg Quantification

Viral antigens contained in culture supernatants were
quantified by the analytic center of the University Hospital
Heidelberg. HBeAg was analyzed by the ADVIA Centaur
XPTM automated chemo luminescence system (Siemens
Healthcare, Erlangen, Germany) and HBsAg was quantified
as international units wusing an enzyme-linked
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immunosorbent assay (Architect; Abbott, Chicago, IL).
HBeAg samples were diluted to stay in the linear range of
the assay. The calibrator (recombinant HBeAg) delivered
with the assay was used to calibrate the system
(Ref. 01512127, Siemens ADVIA Centaur Hepatitis B e An-
tigen Assay). All samples within 1 experiment were
measured at the same time and with a single lot to guar-
antee comparability.

Taurocholate Uptake Assay

Taurocholate (TC) uptake was measured as previously
described.” In brief, differentiated HepaRGNTCP cells were
treated with different doses of IFN-« for 24 hours and incu-
bated for 15 minutes at 37°C with 50 uM nonradioactive TC
(Sigma-Aldrich) and 5 nM [*H]-labeled TC with a specific
activity of 10 Ci/mmol (Hartmann Analytic, Braunsweig,
Germany). Subsequently, cells were washed 3 times with ice
cold PBS, lysed with 0.05% sodium dodecyl sulfate in PBS/
0.25 M NaOH, mixed with Ultima Gold liquid scintillation
solution (Perkin Elmer, Waltham, MA) and incorporated
radioactivity was quantified by using a LS 6000 liquid
scintillation counter (Beckmann Coulter, Brea, CA).

PreS1 Binding Assay

Differentiated HepaRGNT®" cells were treated for 24
hours with given concentrations of IFN-¢, trypsinized, and
incubated for 10 minutes with atto-488 labeled MyrcludexB
(200 nM). An excess of unlabeled MyrcludexB (500 nM)
served as negative control to prevent unspecific binding.
Samples were measured by flow cytometry and data were
analyzed with the Flow]o software package (Flow]o, LLC,
Ashland, OR).

Interferon Bio-assay

Huh?7 cells containing a stable HCV luciferase replicon®
were seeded into microtiter plates (24-well format) and
on the next day treated with serial dilutions of IFN-« or [FN-
A. Seventy-two hours later, cells were lysed with 100 uL
lysis buffer (1% Triton X-100, 25 mM glycyl-glycin [pH 7.8],
15 mM MgS0,, 4 mM EGTA, 10% glycerol [99%]) supple-
mented with 1 mM 1,4-Dithiothreitol added right before use
and frozen at —80°C. Firefly luciferase activity was deter-
mined by applying 400 uL luciferase assay buffer (15 mM
K3PO4 [pH7.8], 25 mM glycyl-glycin [pH 7.8], 15 mM MgS0,,
4 mM EGTA) containing 1 mM DTT, 2 mM ATP, and 1 mM
D-Luciferin that were added right before use. Half maximal
inhibitory concentration values were calculated by using
the GraphPad Prism (v6) software package (GraphPad
Software, Inc, La Jolla, CA).

Flow Cytometry

Trypsinized cells were resuspended in 5% immuno-
globulin G-free bovine serum albumin (BSA), washed once
with PBS/1% BSA, and fixed for 10 minutes with 4% PFA
containing 0.5% saponin. Cells were washed twice with 1%
BSA and incubated with the primary antibody
(Supplementary Table 1) for 45 minutes in PBS containing
1% BSA and 0.5% saponin. Cells were washed 3 times with
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PBS, 1% BSA, and 0.5% saponin, incubated with secondary
antibody (Supplementary Table 2) for 45 minutes at room
temperature, and washed 3 times with PBS/1% BSA. Cells
were analyzed with a BD Accuri C6 or BD Fortessa (BD
Biosciences, San Jose, CA) (10,000 events per sample) and
obtained data were processed with the Flow]Jo software
package.
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Supplementary Figure 1. Interferon competence of dHepaRGNT®F and PHH and lack of activation of the interferon response
by HBV genotype D. (A and B) dHepaRGNT" cells and PHHs were infected with HBV genotype D as described in the Methods
section. IFIT1, GBP1, TLR3, DNMT3A, PML, STAT1, and IL10 mRNA abundance was quantified at indicated time points and
normalized to the uninfected control. (C) IFN-g, IFN-21, IFIT1, GBP1, TLR3, DNMT3A, PML, STAT1, and IL10 mRNA abun-
dance in dHepaRGN™F and PHH was analyzed 8 hours after infection with Sendai Virus (SeV; multiplicity of infection [MOI] =
2), or the Mengo®" virus (Mengo®"; MOI = 10) or after addition of 10 ug/mL p(l:C) into the cell culture supernatant.
dHepaRGNT®P were additionally infected with RVFVANSs (20x ECso) for 8 hours. Values are means and SDs from 2 inde-
pendent experiments, except for p(l:C) treatment, which was once performed with PHH (only 1 donor available).
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Supplementary Figure 2. HBV genotype C2 does not induce an interferon response in dHepaRGNT®" cells. dHepaRGNTC?

cells were infected with HBV genotype C2 (100 GE/cell). (A) Time course of pgRNA accumulation in HBV-infected cells. (B)
Kinetics of HBeAg and HBsAg secretion. Abundance of mRNAs of (C) IFN-8 and IFN-A1 and (D) IFIT1, GBP1, TLR3, DNMT3A,
PML, STAT1, and IL10 mRNA abundance was determined by reverse-transcriptase gPCR at the indicated time points. Early
time points are 2, 4, and 8 hours p.i. nd, not detectable.
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Supplementary Figure 3. GFP-IRF3 overexpression does
not impair HBV replication. dHepaRGNT? cells expressing
either GFP-IRF3 or an empty control vector were infected
with HBV for 7 days. HBeAg and HBsAg amounts accumu-
lating in the culture supernatant between 4 and 7 days after
infection are displayed. A representative experiment is
shown.
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GFP-IRF3

Supplementary Figure 4. HBV does not inhibit RIG-I-mediated signaling in dHepaRGNT®F cells. (A) dHepaRGNTCP GFP-IRF3
cells were infected with HBV for 7 days and then superinfected with RVFVANSs (RIG-I inducer; 20x EC5g) for 16 hours. Left
merge shows HBV core (red), endogenous NF-«B (yellow), and nuclei (DAPI; gray). Right merge shows GFP-IRF3 (green), HBV
core (red) and nuclei (DAPI; gray). Pictures were taken with a x40 objective. Scale bar = 100 um in the overview image and
25 um in the zoomed insert (position indicated in the overview by white square). NI, HBV noninfected; ns, nonstimulated.
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Supplementary Figure 5. HBV does not inhibit MDA5-mediated signaling in dHepaRGNTC cells. (A4) dHepaRGNTCP GFP-IRFS
cells were infected with HBV for 8 days and then superinfected with the Mengo®" virus (MDA5 inducer; multiplicity of
infection = 10) for 8 hours. Left merge shows HBV core (red), endogenous NF-«B (yellow), and nuclei (DAPI; gray). Right
merge shows GFP-IRF3 (green), HBV core (red), and nuclei (DAPI; gray). Pictures were taken with a x40 objective. Scale bar =
100 um in the overview image and 25 um in the zoomed insert (position indicated in the overview by white square). NI, HBV
noninfected; ns, nonstimulated.
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Supplementary Figure 6. HBV does not inhibit TLR3-mediated signaling in dHepaRGNTF cells. (A) dHepaRGNTCP GFF-IRF3
cells were infected with HBV for 8 days and then treated with 10 ug/mL p(IC) that was added into the culture supernatant (TLR3
inducer) for 60 minutes. Left merge shows HBV core (red), endogenous NF-«B (yellow), and nuclei (DAPI; gray). Right merge
shows GFP-IRF3 (green), HBV core (red), and nuclei (DAPI; gray). Pictures were taken with a x40 objective. Scale bar =
100 um in the overview image and 25 um in the zoomed insert (position indicated in the overview by white square). NI, HBV
noninfected; ns, nonstimulated.
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Supplementary Figure 7. HBV does not inhibit RIG-I, MDA5, and TLR3-mediated signaling in PHH. HBV-infected PHH were
stimulated (A) at 6 days p.i. with RVFVANSs (RIG-I inducer; 20x ECs) for 16 hours; (B) at 7 days p.i. with the Mengo®" virus
(MDAS5 inducer; multiplicity of infection = 10) for 8 hours; (C) at 7 days p.i. with 10 ug/mL poly (I:C) added into the culture
supernatant for 1 hour to stimulate the TLR3 pathway. Image quantification of NF-«xB translocation events in HBV-infected or
noninfected (NI) cells that were stimulated or not (ns) was performed with the ILASTIK software package. Representative
images are shown below each corresponding bar graph. Images were acquired with a x10 objective. Scale bar = 200 um in
the overview image and 25 um in the zoomed insert (position indicated in the overview by white square). HBV core (red), NF-«B
(yellow), and nuclei (DAPI; gray) are shown.
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Supplementary FigNure 8. RVFVANSs or Mengo®" virus do not induce cytokines triggering nuclear translocation of NF-«B or
IRF3. (A) dHepaRGNTCP GFP-IRFS celis were inoculated with RVFVANSSs or the Mengo?” virus and 1 hour later medium was
changed, and cells incubated for another 15 and 7 hours, respectively. Supernatant was collected and transferred onto naive
dHepaRGNTCP GFP-IRES ¢ajis which were analyzed for NF-kB and GFP-IRF3 translocation 45 minutes, 3 and 16 hours later by
immunofluorescence. Treatment with 1 ng/mL tumor necrosis factor alpha (TNF-«) served as positive control for NF-xB
translocation. (B) Quantification of NF-xB and GFP-IRF3 translocation events in the infected cell (cells [a]) and cells treated with
the culture supernatant (b) with or without TNF-«. Graph shows mean and SD from 2 independent experiments. ns, not
significant; *P < .05; P < .01.
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Supplementary Figure 9. No reduction of cccDNA by IFN-« treatment as determined by Southern blot. dHepaRGNTC?

cells

were infected with HBV (100 GE/cell) and treated with IFN-« as depicted in (A) and Figure 3A. After 10 days, cccDNA levels
were analyzed by Southern blot and phosphor imaging (B). (C) Quantification of the phosphor imaging scan. (D) HBeAg and
HBsAg levels in culture supernatants of cells that were analyzed by Southern blot (B). (E) ISG56, APOBEC 3A, 3B, and 3G
mRNA levels in HBV-infected dHepaRGNTC? cells treated with IFN according to condition “A,” at day 1 and day 10 after HBV
infection. Values were normalized to those obtained with HBV-infected, but nontreated cells. (F) ISG56, APOBEC 3A, 3B, and
3G mRNA levels in dHepaRGNTCP cells and PHH after infection with Mengo®" for 8 hours. Values were normalized to mRNA

levels in noninfected cells.
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Supplementary Figure 10. IFN-« does not inhibit preS1 binding to NTCP. (A) dHepaRGNT®P cells were treated for 24 hours
with given concentrations of IFN-«a and analyzed for taurocholate (TC) uptake capacity by measuring the uptake of [°H]-labeled
TC into the cells. n = 3. (B) dHepaRGNT®F cells were treated for 24 hours with given concentrations of IFN-«. After detachment
of the cells, atto488-labeled Myrcludex B (corresponding to the 49 N-terminal amino acids of the HBV preS1 domain) was
added, and binding capacity determined by flow cytometry. The upper panels show histograms of a representative experi-
ment, the lower panels the quantification of 2 independent experiments. wt, wild-type atto488-MyrB mut, mutated atto488-
MyrB not binding to NTCP; MyrB, unlabeled Myrcludex B, which was added in excess (500 nM) to block atto488-MyrB
binding. Student t test was applied. ns, not significant.
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Supplementary Figure 11. IFN-« induced nuclear translocation of pSTAT1 in naive dHepaR cells and specificity control
of HBV core protein staining. Mock-treated dHepaRGNTCF cells were incubated with either 0 or 100 IU/mL IFN-« for 90 minutes
at 8 days post mock inoculation. Merge shows nuclei (DAPI; gray), HBV core (red), and pSTAT1 (green). Images were acquired
with a x20 objective. Scale bar = 100 um in overview images and 25 um in zoomed inserts that are indicated with white
squares in the overview image. Note that shown images are also specificity controls for core protein staining shown in
Figure 4A.
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Supplementary Figure 12. HBV does not inhibit IFN-« mediated pSTAT1 translocation in PHH. HBV-infected PHH treated
with given concentrations of IFN-« for 90 minutes at 7 days post infection were harvested for pSTAT1 analysis. (A) Repre-
sentative immunofluorescence images of HBV-infected and noninfected (NI) cells treated with either 0 or 100 IU/mL IFN-«.
Merge images show nuclear DNA (DAPI; gray), HBsAg (red), and pSTAT1 (green). Light blue arrows indicate HBV-infected cells
without pSTAT1 translocation; rosy arrows mark noninfected cells without translocation; pink arrows highlight HBV-infected
cells with pSTAT1 translocation; white arrows point to noninfected cells with nuclear pSTAT1. Images were acquired with
a x10 objective. Scale bars = 200 um in the overview image and 25 um in the zoomed insert (indicated with white square in the
overview). (B) Quantification of 3 independent experiments as shown in (A).
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Supplementary Figure 13. HBV does not inhibit IFN-« induced Mx1 activation in PHH. HBV-infected PHH treated with given
concentrations of IFN-« for 24 hours at 6 days p.i. were harvested for Mx1 analysis. (A) Representative immunofluorescence
images of HBV-infected and noninfected (NI) cells treated with either 0 or 100 IU/mL IFN-«. Merge images show nuclear DNA
(DAPI; gray), HBsAg (red), and pSTAT1 (green). Light blue arrows indicate HBV-infected cells without Mx1 expression; rosy
arrows mark noninfected cells without Mx1; pink arrows highlight HBV-infected cells expressing Mx1; white arrows point to
noninfected cells with Mx1. Images were acquired with a x 10 objective. Scale bars = 200 um in the overview image and 25 um
in the zoomed insert (indicated with white square in the overview). (B) Quantification of 2 independent experiments as shown
in (A).
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Supplementary Figure 14. HBV circDNA serves as a template for HBV replication. Huh7.5 cells were transfected with wild-
type (wt) HBV circDNA or a reverse-transcriptase dead mutant (YMHD). The following time-course analyses were per-
formed: (A) HBeAg and HBsAg secreted to the culture supernatant; (B) pgRNA abundance in transfected cells as determined
by reverse-transcriptase qPCR; and (C) total HBV DNA in transfected cells as determined by gPCR. (D) Supernatant (days 2-9
from Huh7.5 cells transfected with wt circDNA (WT) or YMHD mutant circDNA (YMHD) was directly used to infect HepG2NTC
cells. Entry inhibitor MyrB (200 nM) added during inoculation served as infection control. HBeAg accumulating in the culture
supernatant of infected HepG2NTCF cells between days 4 and 7 p.i. was quantified by using a chemo luminescence system. (E)
Cytoplasm and nucleus were separated by differential centrifugation and HBV DNA contained in these fractions was quantified
by gPCR. An HBV encoding plasmid was used as standard to calculate absolute numbers. Copy numbers per cell were
estimated by assuming 6.6 pg DNA/cell. n = 2. Note that the HBV mutant was used to monitor the decay of HBV circDNA that
was comparable between wild-type and this mutant. Owing to the high amount of transfected circDNA, de novo synthesis of
HBV DNA cannot be quantified during the 10-days observation period, but infectious virus is produced (E). Importantly, this
system does not rely on the expression of single viral proteins and is devoid of heterologous sequences, and therefore well
suited to monitor IFN sensitivity of HBV.
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Supplementary Figure 15. Determination of the biological
activity of IFN-« and IFN-4 and antiviral effects of IFN-2 in the
HBV/HCV coreplication cell culture system. (A) Antiviral
activity of IFN-« and IFN-A as determined with Huh7 cells
containing a stably replicating subgenomic HCV luciferase
replicon (shown in the top panel). Concentrations for IFN-«
are given in IU/mL and for IFN-1 in ng/mL. Calculated ECsq
values are 3.2 IU/mL for IFN-a and 0.17 ng/mL for IFN-A.
Luciferase activity expressed from the HCV replicon was
measured 72 hours after IFN treatment. (B) Representative
flow cytometry panels of Huh7.5 cells superinfected with HCV
(multiplicity of infection = 0.1) 4 days post transfection with
circHBV DNA. Samples were either treated 24 hours before
superinfection with HCV (“pre”-treated) or 24 hours after HCV
infection (“post”-treated) or left untreated (nontreated). IFN-2
(10 ng/mL) was added after each medium change.
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Supplementary Figure 16. HBV inoculum does not interfere with RIG-1, MDAS, or TLR-mediated IFN induction. dHepaRGNTC?
cells were inoculated with HBV (100 GE/cell), HBV + Myrcludex B (MyrB), or with medium containing 4% PEG (noninfected
[NI]) as in the other inoculation conditions. After 24 hours, medium was removed, and cells stimulated for 8 hours with 20x
ECso RVFVANSS (left panel), Mengo?" virus (multiplicity of infection = 10) (middle panel), or 10 ug/mL poly(l:C) added into the
culture supernatant (right panel). mRNA levels of IFN-3, IFN-2, IFIT1, and GBP1 were analyzed by reverse-transcriptase gPCR.
mRNA levels of IFNs were not detectable in the nonstimulated control and therefore normalized to the NI stimulated control.
mRNA levels of IFIT1 and GBP1 were first normalized to the nonstimulated control of the same condition (HBV, MyrB, or NI)
and then compared with the NI stimulated control. n = 2.
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Supplementary Figure 17. DAA-mediated suppression of HCV does not impact HBV replication. (A) Schematic overview of
the experimental setup. Huh7.5 cells were transfected with HBV circDNA and superinfected with HCV (multiplicity of
infection = 0.1) 4 days later. Samples were treated 48 hours post HCV infection for 6 days with Sofosbuvir (SOF; 727 nM),
Daclatasvir (DCV; 730 nM), or left untreated. Cells were stained for HCV NS5A and HBV core and analyzed by flow cytometry
(B). A representative panel is shown. (C) Left panel: Quantification of HCV NS5A. Gray bar, cells infected only with HCV; blue
bar, all cells infected with HCV; green bar, HCV/HBV coinfected cells. Right panel: Quantification of HBV core. Color coding of
bars analogous to the left panel. n = 2.
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Supplementary Table 1.Primary Antibodies Used for Immunofluorescence and Flow Cytometry

Dilution

Antigen Species Origin Immunofluorescence Flow cytometry
HBV core Chicken Self-made 1:4000 1:2007

HBV core Rabbit B0586; Dako, Glostrup, Denmark 1:750

HBV HBsAg Human Humabs Biomed SA, Bellinzona, Switzerland 1:3000

HCV NS5A Mouse 9E10; gift by Charles Rice, New York 1:2000

Mx1 Mouse Gift by Georg Kochs, Freiburg, Germany 1:500 1:500
NF-«xB Mouse L8F6, #6956, Cell Signaling, Danvers, MA 1:800

pSTAT (pY701) Mouse BD #612232, BD Bioscience, San Jose, CA 1:200

2Antibody was coupled to Alexa-647.

Supplementary Table 2.Secondary Antibodies Used for
Immunofluorescence and Flow

Cytometry
Antibody Raised against Origin
647-goat Mouse IgG Life Technologies, Carlsbad,

CA; A31571

568-goat Mouse IgG Life Technologies; A10037
488-goat Mouse IgG Life Technologies; A11029
568-goat Rabbit IgG Life Technologies; A11036
488-goat Rabbit IgG Life Technologies; A11008
647-goat Chicken IgY Abcam, Cambridge, UK; ab150171
488-goat Chicken IgY Abcam; ab150173
555-goat Human IgG Life Technologies; A-21433 1

Ig, immunoglobulin.
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Supplementary Table 3.DNA Oligonucleotides and Probes

Used for gPCR and Tagman

Name Sequence 5'-3'
APOBECSA fwd GAGAAGGGACAAGCACATGG
APOBECS3A rev TGGATCCATCAAGTGTCTGG
APOBECS3B fwd GACCCTTTGGTCCTTCGAC
APOBECS3B rev GCACAGCCCCAGGAGAAG
APOBECS3G fwd CCGAGGACCCGAAGGTTAC
APOBECS3G rev TCCAACAGTGCTGAAATTCG
GAPDH fwd GAAGGTGAAGGTCGGAGTC
GAPDH rev GAAGATGGTGATGGGATTTC
IFIT1 fwd GAAGCAGGCAATCACAGAAA
IFIT1 rev TGAAACCGACCATAGTGGAA
IFN-8 fwd CGCCGCATTGACCATCTA
IFN-8 rev GACATTAGCCAGGAGGTTCTC
IFN-2 fwd GCAGGTTCAAATCTCTGTCACC
IFN-A rev AAGACAGGAGAGCTGCAACTC
cccDNA fwd GTGGTTATCCTGCGTTGAT
cccDNA rev GAGCTGAGGCGGTATCT

cccDNA probe

pgRNA fwd
pgRNA rev
PML fwd
PML rev
GBP1 fwd
GBP1 rev
DNMT3A fwd
DNMT3A rev
IL-6 fwd

IL-6 rev
STAT2 fwd
STAT2 rev
TLR3 fwd
TLRS3 rev

FAM-AGTTGGCGAGAAAGTGAA
AGCCTGC-TAMRA
GAGTGTGGATTCGCACTCC-3’
GAGGCGAGGGAGTTCTTCT3
CGCCCTGGATAACGTCTTTTT
CTCGCACTCAAAGCACCAGA
ACAGAAGTGCTAGAAGCCAGTGC
TCCAGGCTGTTCCCTTGTCTGTTC
TATTGATGAGCGCACAAGAGAGC
GGGTGTTCCAGGGTAACATTGAG
ACTCACCTCTTCAGAACGAATTG
CCATCTTTGGAAGGTTCAGGTTG
GAGCCAGCAACATGAGATTGA
GCCTGGATCTTATATCGGAAGCA
TTGCCTTGTATCTACTTTTGGGG
TCAACACTGTTATGTTTGTGGGT

Fwd, forward; rev, reverse.
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