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SUMMARY: We show that Hepatitis B virus infection activat83AT3 signaling that

supports virus replication and prevents apoptodisinfected hepatocytes potentially
supporting malignant transformation. Our findingeyide new insides into hepatitis B virus-
host interaction and open a new avenue to the dewednt of drugs that control the infection

and may help to prevent carcinoma development.

BACKGROUND & AIMS: The human hepatitis B virus (HBV) is a major caasehronic
hepatitis and hepatocellular carcinoma (HCC), bulecular mechanisms driving liver
disease and carcinogenesis are largely unknownthé&fefore studied cellular pathways

altered by HBV infection.

METHODS: We performed gene expression profiling of primamynian hepatocytes (PHH)
infected with HBV and proved the results in HBVHiegting cell lines andhuman liver tissue
using real time PCR and Western blotting. Activatimf signal transducer and activator of
transcription (STAT3) was examined in HBV-replicgtihuman hepatocytes, HBV-replicating
mice and liver tissue from HBV-infected individualsingWestern blotting, STAT3-luciferase
reporter assay, and immunohistochemistry. The cuesees of STAT3 activation on HBV
infection and cell survival were studied by cherhinhibition of STAT3 phosphorylation and

siRNA-mediated knockdown of STAT3.

RESULTS: Gene expression profiling of HBV-infected PHH dxéel no interferon response,
while genes encoding for acute phase and anti-apopproteins were up-regulated. This
gene regulation was confirmed in liver tissue sasf patients with chronic HBV infection
and in HBV-related HCC. Pathway analysis revealetivation of STAT3 to be the major
regulator. Interleukin-6-dependent and -independeativation of STAT3 was detected in

HBV-replicating hepatocytes in cell culture ammdvivo. Prevention of STAT3 activation by
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inhibition of Janus tyrosine kinases as well as\g\Rmediated knockdown of STAT3 induced

apoptosis and reduced HBV replication and geneesspon.

CONCLUSIONS: HBV activates STAT3 signaling in hepatocytes tostéo its own

replication but also to prevent apoptosis of irgectells. This very likely supports HBV-

related carcinogenesis.

Keywords:hepatitis B virus infection; STAT3 signaling; hépeellular carcinoma; apoptosis.
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I ntroduction

The hepatitis B virus (HBV) is amall, enveloped DNA virus characterized by a
pronounced liver tropism and replication via reeeteanscription of an RNA pregenome
Despite an effective prophylactic vaccine, HBV gtfen still is a major health problem with
more than 240 million chronically infected indivala, who are at high risk to develop liver
cirrhosis, end-stage liver disease and HCC. Thes\ascapes efficient immune elimination by
a very limited activation of innate and adaptiveriome responses in the livelvith the
introduction of antivirals, treatment options fdmranic hepatitis B improved over the last
years, but a curative treatment is still lackin§lthough rates of HBV-related hepatocellular
carcinoma (HCC) are slowly decreasiigCC still rates number six among the most frequent
cancers and is the number three cause of canededetieath with about half of all HCC
related to HBV infectiorf. Advanced liver disease with liver cirrhosis due dngoing
hepatocellular activation and inflammation are majitsk factors: ° Persistent viral
replication, male sex and a positive family histimgrease the risk for HBV-related HCC.

A strong correlation between HBV viral load and tiek of HCC development has
been established in large clinical tridlg1 the absence of a dominant oncogene encoded by
the HBV genome, the role of HBV in carcinogenesiscomplex and still incompletely
understood. Direct as well as indirect roles of HBAve been proposédntegration of HBV
DNA into the host genome occurs at early stepdarfat tumor expansion. This may activate
cellular cancer-related genes and very likely imdut¢he host chromosomal instability.
Hereby, prolonged expression of the viral regulatdBV X protein may contribute to de-
regulating cellular transcription and influenceotpm degradation, cell proliferation and
apoptotic signaling pathways (Summarizecfitf).

In a number of clinical settings and disease @stithronic liver inflammation seems
to be sufficient to induce HCC developméhPioneering work byNakamoto et al. provided
first experimental evidence that HBV-related HCCyndevelop in the absence of viral
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transactivation, insertional mutagenesis, and geiotchemical¥’ solely triggered by the
immune response to HBV and resulting chronic inflaation. Key signaling pathways
contributing to HCC development, however, have qdastially been identified.

Lymphotoxins (LT) and their receptor are up-regedain viral hepatitis and related
HCC, and sustained triggering of the LT-beta remepesulting in canonical and non-
canonical NFkp-signaling leads to HCC developméniwe have previously demonstrated
that non-parenchymal liver cells, particularly liviemacrophages, recognize HBV particles
resulting in an activation of NKB-signaling and production of pro-inflammatory cyitus
(e.g. TNF, IL-6).** IL-6 induces STAT3 signaling in hepatocytes, anfé-kB and STAT3
have been described to be key players in liveainfhation and cancer (reviewed 1r):

In this study, we aimed at identifying major signgl pathways activated by HBV
infection in hepatocytes. Since signaling cascadayg be largely affected in immortalized
cell lines as well as by overexpression of virabtpins, we studied the influence of HBV
replication on cellular gene expression in infegdeidhary human liver cell cultures prepared
from different donors and ihuman liver tissues derived from patients with cicdhepatitis
B and HBV-related HCC. Finally, we corroborated éndings in transgenic mice expressing
the complete genome of HBV in hepatocytesnd in mice challenged intravenously with

adenoviral vectors encoding a replication competB¥ genome (Ad HBV)."*°
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Material and Methods

Chemicals
The pharmacological inhibitor AG-490 was purchafedh CalbiochemSan Diego,
Ca). Dimethyl sulfoxide (DMSO) and N-acetyl-L-cyistdNAC) were obtained from Sigma

(St. Louis, MO).

Ethic statement

The study followed the ethical guidelines of thec@eation of Helsinki and use of
human material was approved by the local ethicsnoitiees of the University Hospital
Cologne, the University of Zurich and the Hosprtathts der Isar der Technischen Universitat
Munchen. Liver cell cultures were prepared fromgsal human liver biopsies after written
informed consent of patients. Studies on mice wawaducted in accordance with the
recommendations in the Guide for the Care and Wdealoratory Animals of the National
Institutes of Health, USA. Our animal protocol wagsproved by the Regierung Oberbayern,

Munich, Germany.

Patients

Samples of HBV-positive tumor tissue or noncancerélBV-infected liver tissue
were recruited from the tissue bank of the Ingitot Pathology, University of Cologne, and
the Institute of Surgical Pathology, University lgdal Zirich after obtaining written
informed consent from all patients. All tissue s#&mspstained positive for HBcAg and
HBsAg. Active HBV replication in all noncancerou8Winfected liver tissue samples was
confirmed by the detection of pgRNA using real-tiRIEPCR. All tumor samples were HBV-
related HCC with Edmonson’s grade Il or Il of lolstgical differentiation, whereas other
causative agents for HCC were excluded. Non-inte¢i#BV-, HCV-, HIV negative) liver
tissue was obtained from human liver grafts nateslior transplantation.
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Infection of primary human hepatocytes with HBV arahalysis of infection

PHH cultures were prepared from surgical humaer Iniopsies after written informed
consent of patients by a standard two-step collaggmperfusion followed by a differential
centrifugation as described previouSlyPHH cultures contained 85% hepatocytes and 3-
15% of liver sinusoidal endothelial cells or liveacrophages, Kupffer cef$HBV inoculum
was concentrated from the medium of HepG2.2.15%elising centrifugal filter devices
(Centricon Plus-70, Biomax 100.000, Millipore CorBedford, MA) and sedimented into a
CsCI gradient to determine the amount of envelog2dA-containing viral particles as
described befor& Mock inoculum was concentrated from HepG2 cellsoatingly. On day
three after seedling, PHH were infected with HB\aatultiplicity of infection (moi) of 250
enveloped DNA-containing viral particles per cellthe presence of 5% PEG 6000. At 24
hours after infection with HBV, the inoculum wasmoved, and cells were cultivated in PHH
mediunf® at 37°C in 5% C@for next 4 days.

Cell culture medium was collected from day 1 tg dep.i., and HBeAg secretion was
determined using the HBeAg 2.0 Axsym immuno as3shb6tt Laboratories, Wiesbaden,
Germany). In addition, IL-6 secretion was deterrdinising IL-6 ELISA (BD Biosciences,
Heidelberg, Germany) and I[ENoroduction was examined usingNa ELISA (PBL
Biomedical Laboratories Piscataway, NJ).

Formation of HBV cccDNA was detected by real-tif€R on a LightCycler
instrument (Roche Diagnostics, Mannheim, Germasygispecific primers ccc2760fw and
HBVcccl56rev selectively amplifying cccDNA over islB as described previoust. Total
DNA extracted from mock- (control) or HBV-infect&®HH was subjected to real-time PCR
analysis to specifically detect HBV cccDNA. DNA etted from patient serum and from
serum of an HBV-positive chimpanzee as well aslttwar DNA extracted from HBV-

positive patient served as negative and positivirots, respectively.
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To estimate relative efficiency of HBV replicatiom PHH, levels of HBV pregenomic
RNA (pgRNA) were determined relative to those inHPkansduced with AdG-HBV1.3
vectof* using RT-PCR and pgRNA specific primétdfter infection with AdG-HBV1.3, an
adenoviral vector containing a linear 1.3-fold ovength HBV genome and a green
fluorescent protein (GFP) expression cas&etse an moi of 1-2 infectious units (i.u.) /cell,

virtually all hepatocytes were infected. The pgRI¥els were here defined as 100%.

Animals

HBV transgenic (HBVtg) C57BL/6J mice carrying glieation competent 1.3-fold
HBV genomé® were examined in comparison to wild type C57BLffite. In addition,
C57BL/6J mice were infected with adenovirus typ€AS8l5) vectors transferring an HBV
genome (Ad HBV) or as control with an identical stvact in which all open reading frames
were knocked out by introducing stop codons (Ad H&Y.*° All animal received humane
care equivalent to the "Guide for the Care and afskeaboratory Animals" prepared by the

US Academy of Sciences and published by the Ndtiosttutes of Health.

Cell culture

HepG2 cells (ATCC number: HB-808%), HBV-replicating HepG2.2.%% or HepG2-
H1.3 cell$® were plated onto dishes coated with collagen typ€Serva Electrophoresis,
Heidelberg, Germany) and cultivated in Dulbeccosdified Eagle medium containing 10%
(w/v) fetal calf serum (FCS) as described\fter achieving 80-90% confluence, cell cultures
were maintained in the Williams E / Dulbecco’s Mgeti Eagle medium (1:1, v/v) containing
5% FCS. HepaRG cells were differentiated and ieféetith HBV as described previoush.
Cell viability upon treatment with AG-490 was anadg by CellTiter blue® Cell Viability

Assay (Promega, Madison WI, USA).
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RNA-Isolation, Microarray Procedure and Data Analis

Total RNA from mock- or HBV-infected cells was iatéd with Trizol reagent
(Invitrogen/ThermoFisher Scientific, Waltham, MAaihd cleaned up using RNeasy mini kit
including DNAse digestion (Qiagen, Hilden, Germany)

100 ng of total RNA was used to generate doubkmded cDNA with a T7(dE)-
oligonucleotide primer performed with the Two CydB®NA Synthesis Kit (Affymetrix,
Santa Clara, CA) followed by a IVT reaction to aifypihe cDNA using the MEGAScript T7
Kit (Ambion, Kaufungen, Germany). After purificatiowith the Sample Cleanup Module,
CcRNA served as a template to prepare a second rolic®NA. After purification of the
cDNA with the sample Cleanup Module, biotinylateBNA was generated, using the
GeneChip IVT Labeling Kit (all reagents from Affymnix). Hybridization of cRNA to the
high-density oligonucleotide microarrays (HG-U133#ays; Affymetrix) was performed
according to the manufacturer's GeneChip Expregsnatysis Technical Manual.

For data collection, assessment and analysis we Affgmetrix Microarray Analysis
Suite Version 5.0 program (MAS5.0). Transcripts aveonsidered to be up-regulated, when
the absolute call in HBV-sample was not absent )] the difference call was increased (I)
or marginal increased (MI) and fold change in gerpression between HBV-infected- and
appropriate mock samples wasl.5. Transcripts were considered as down-regulatben
the absolute call of the mock control was not “Atisethe difference call was decreased (D)

or marginal decreased (MD), and fold change in geqpeession was 1.5.

Quantification of gene expression by real-time Litftycler PCR
Total RNA (650 ng) isolated from PHH or hepatoméscas described above was
reverse transcribed into cDNA using the Supersctigtl First-Strand Synthesis System

(Invitrogen/ThermoFisher Scientific). Real-time PCRere performed with the LightCycler
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FastStart DNA Mast&8’S SYBR Green Kit using the LightCycler™ system amdmalized

to a dilution series of calibrator cDNA using thel&ive Quantification Software (all Roche
Diagnostics) as describéd.? Primers for target genes were chosen with thestassie of

LightCycler primer design program (Roche Diagn&tand listed in Table 1. Primers for the
reference genes glyceraldehyde-3-phosphate delsuiaeg (GAPDH) and 5-aminolevulinate
synthase (ALAS1), for hepatocyte nuclear factolpha (HNF4x), hepatocyte nuclear factors
3 alpha and beta (HNE3and HNF®, respectively) were published earftér.® For

expression analysis of selected genes in HBV-egprgsliver tumor- and non-tumorous
tissue and in the healthy liver, 1 pg of total RMAs reverse transcribed into cDNA and
applied for real-time PCR and as described abolAclevels were normalized for the

expression of the ALAS1 gene.

Western blot analysis

Nuclear and cytoplasmic protein extracts from mook-HBV-infected cells were
isolated with NE-PER Nuclear and Cytoplasmic extosic Reagents (Pierce/ThermoFisher
Scientific). Purity of nuclear protein preparatiomas controlled by Western blotting using
anti-albumin antibodies. Total proteins were exedovith CHAPS buffer (10 mM HEPES,
pH 7.4, 150 mM NacCl, 1% Chaps) containing phosg®aiahibitors sodium vadanate and
sodium fluoride.

Proteins were separated by SDS-PAGE and analyzedWesgtern blotting as
described? The following primary antibodies were used: momsenoclonal anti-clAP2 and
mouse monoclonal anti-PARP (BD Biosciences, Sarg@i€A); mouse monoclonal anti-
Phospho-STAT3-Tyr705, rabbit monoclonal anti-STATapbit monoclonal anti-Src and
rabbit polyclonal anti-Phospho-src family (Tyr41@ell Signaling, Denvers, MA); rabbit
polyclonal anti-Mn-SOD, rabbit polyclonal anti-IRFBabbit polyclonal anti-lamin B1 and

rabbit polyclonal anti-aloumin (Santa Cruz Bioteglugy, Santa Cruz, CA); mouse
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monoclonal antp actin (Sigma); rabbit polyclonal anti-HBV cdfe.?® The secondary
antibodies were anti-mouse or anti-rabbit IgG HRBpied antibodies (Sigma). ImageJ
software (NIH, Bethesda, MD) was applied for desmietric quantification of Western blot

signals.

Immunohistochemistry

Fixed, pretreated m thick, paraffin embedded liver sections derivesinf human
liver needle biopsies or from mouse liver tissueendecorated with a monoclonal antibody
against phosphor-Stat3 (Tyr 705). The antibody mashased from Cell Signaling (clone
#D3A7, dilution 1:100). Pretreatment (H2(60)) amairsing were performed on a Leica Bond-
Max, detection with a Bordd Polymer refine kit (Leica Biosystems, HeidelbeBermany)
using an anti-rabbit secondary antibody, coupleti®® and DAB as a substrate. Stainings
were analyzed and pictures were taken with an Olgg§X53 and an Olympus DP72 camera

(Olympus, Tokio, Japan).

Detection of STAT3 activation

To detect phosphor STAT3-Y705, total or nucleartgroextracts were analyzed by
Western blotting using mouse monoclonal anti-PhospRAT3-Tyr705 antibodies (Cell
Signaling) as described above. To additionally mea$STAT3 activity in cells, the Cignal
STAT3 Reporter (luc) Assay (Qiagen) was appliedthiis end, HepG2 or HepG2-H1.3 cells
were transfected with either Cignal reporter origpges or negative control constructs using
the fast-forward protocol provided by the manufeetuThe activity of STAT3-dependent
Firefly luciferase and the activity of constitutiyeexpressedRenilla luciferase used for
internal normalization were measured by the Dualflewase Reporter Assay System

(Promega) according to manufacturer’s instructions.
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Detection of reactive oxygen species (ROS)

HepG2, HepG2.2.15 or HepG2-H1.3 cells were platedallagen-coated 96-dishes to
reach confluence (day 1) and maintained in WillidnsDulbecco’s Modified Eagle medium
(1:1, v/v) containing 1% FCS. HepaRG cells weretglaon collagen-coated 96-dishes,
differentiated and HBV- or mock-infected. ROS wereasured using Cellular Reactive
Oxygen Species Detection Assay Kit (Abcam, CamlaiddK) according to manufacturer’s
instructions. This assay measures hydroxyl, perard other reactive oxygen species (ROS)
activity within the cell. Specifically, HepG2, Hep&.15, HepG2-H1.3 and non-infected or
HBV-infected HepaRG cells (1xi@ells per probe) were harvested by trypsinizatiod a
subsequently stained with 20 uM DCFDA in cell ctétmedium for 30 min followed by flow
cytometry assay. To analyze the influence of RQfthition on STAT3 activity, HepG2 or
HepG2-H1.3 cells were first transfected with eitlibe cignal reporter- or positive- or
negative control constructs (Qiagen) using the SSFAICiferase reporter assay by the fast-
forward protocol according to manufacturer’s instimns. 18 hours later, cell culture medium
was changed and 5 mM ROS-inhibitor NAC was addethéoculture medium of HepG2-
H1.3 cells. 48 hours thereafter, the activity ofAS3-dependent Firefly luciferase and the
activity of constitutively expresseRenilla luciferase used for internal normalization were
measured by the Dual-Luciferase Reporter Assay e8ysi{Promega) according to

manufacturer’s instructions.

SiRNA knockdown

HepG2-H1.3 cells were transfected with 5 nM ofthei STAT3-specific SIRNA
(Hs_STAT3_7 FlexiTube siRNA, functionally verifiediRNA directed against human
STAT3; NM_003150, NM_139276, NM _213662) or nonisdmg SiRNA using the

HiPerFect transfection reagent (both from Qiagergoeding to the fast-forward protocol
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provided by manufacturer. The knock-down of STATaswconfirmed at the mRNA- and

protein level by real-time RT-PCR and Western hlwdlysis, respectively.

Caspase 3/7 assay

The activity of two effector caspases, caspase<B @spase-7 (caspase 3/7), was
measured by luminescent Caspase-Glo 3/7 assay €gegnPHH were seeded at a density of
4x10 cells per well in a 24-well culture plates. PHHrevé&reated with 100 uM of AG-490 or
with 0.1% dimethyl sulfoxide (DMSO) for 24 hoursycathen lysed in 200 ul of cell culture
lysis buffer (Promega). The luminescence was medsafter addition of the caspase 3/7

substrate according to the manufacturer’s instoasti

Statistics

Statistical significance was determined by Studeninpaired two-tailedt test.

Differences withP < 0.05 were considered statistically significant.
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Results

HBV induces up-regulation of genes encoding acutieage response proteins and proteins

promoting cell survival

PHH cultures were prepared from seven patients rgodey surgical liver resection
and were either mock- or HBV-infected in parallgperiments. To monitor HBV infection,
cell lysates and culture medium were collectedydadm day 1 to day 4 post infection (p.i.).
On day 4 p.i.,, we detected the formation of HBVIRNA by a selective, quantitative real
time PCR* and the release of newly synthesized HBeAg int® d&ll culture medium of
HBV-infected PHH (Figure A andB, respectively) confirming successful HBV-infectioro
compare efficiency of HBV infection in different PHcultures, total cellular RNA was
extracted on day 4 p.i., and levels of HBV pgRNA@vdetermined relative to those in PHH
transduced with AdG-HBV1.3 vector (Figur€)lusing quantitative real-time RT-PCR and
PgRNA specific primers as described in Material &nethods. The efficiency of infection
with HBV broadly varied between 5% and 45%. Threpegiments, in which infection rates
were >15%, named PHH1, PHH2 and PHH3 (Table 2), werectslefor gene expression

analysis.

To detect changes in cellular gene expression atidation of appropriate cellular
pathways at the beginning of productive HBV infenti we harvested HBV and mock
infected PHH on day 4 p.i., when HBV replication imfected cells had just started as
indicated by the detection of newly synthesized A@after formation of cccDNA (Figure
1A andB). We chose this time point to ensure HBV replmatand to determine the influence
of HBV replication on hepatocytes, but avoid infiges or early pattern recognition of the
HBV inoculunt* as well as dedifferentiation of the primary celtdater time points. cRNAs

derived from mock- and HBV-infected samples werérldjzed to HG-U133A Affymetrix
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oligonucleotide microarray containing 22 283 prae¢s representing approximately 14 000

human genes.

The total number of transcripts regulateld5-fold upon HBV-infection was relatively
low, and correlated with the efficiency of infectioComparative analysis of three HBV
infection experiments detected 40 genes up-regllatel 17 genes down-regulated in all
three experiments (Table 2). This minor overlagemt$ the variability between primary
hepatocytes prepared from different donors but @isohigh adaptation of HBV to the host
cell environment. At the same time, it shows th&Winfection and HBV replication
influence the host cell gene expression profile@endf only at a low level.

Based on results obtained from microarray analysesgrouped genes with altered
expression patterns according to their biologieaicfions (Table 3). The largest group of
genes, up-regulated upon HBV infection promotedutasl acute phase response (APR).
Among them, C-reactive protein (CRP) was inducedtnstrongly upon HBYV infection. In
contrast, several cellular genes implicated indliphd xenobiotic metabolism as well as
cytochrome P 450 (CYP450) family members involvediio-transformation and generation
of reactive oxygen species (R@S)ere down-regulated in HBV-infected hepatocytes.

A divergent regulation was identified for genesaasated with apoptosis induction
and cell survival. Importantly, in the two experim® with the highest efficiency of HBV
infection (PHH2 and PHH3), four established apaptashibitor genes: clAP2 (apoptosis
inhibitor 2)?% ?°|ER3 (immediate early response proteif®3JNFAIP 8 (TNF alpha-induced
protein 8Y* and IGFBP1 (insulin-like growth factor binding pen 1)*? (Table 3) were up-
regulated. In addition, genes encoding for PBER®-@cell colony enhancing factor ),
IL-8 (Interleukin 8)** Mn-SOD (manganese superoxide dismutdsef,CCL2 (Chemokine
(C-C motif) ligand 2 / monocyte chemoattractantteiro1)’’ and CRP (C-reactive proteff)
with reported anti-apoptotic activities, were malligeup-regulated in all experiments (Table
3).
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To confirm regulation of gene expression by re@akt RT-PCR, PHH4 and PHH5
with HBV infection rates 36% and 29%, respectivelyere additionally used. RNA
expression levels for the 10 highest regulated gémen APR-, anti-apoptosis- and CYP450
groups were determined in PHH2, PHH3, PHH4 and PHiib and without HBV infection
(Table 4). Real-time RT-PCR confirmed the regulatid all genes. Most importantly, the fold
change of gene expression detected by real tim&EH-was very comparable to that

identified by microarray analysis (Tables 3 and 4).

Next, we aimed at verifying alterations in HBV-éceted PHH 4 and 5 at the protein
level. Western blot analyses for representativegme clAP2 and Mn-SOD confirmed their
up-regulation in HBV-infected PHH compared to retpe mock controls (Figured). As
the microarray analysis did not reveal activatidnany genes involved in a type | or Il
interferon (IFN) response, we additionally examieegression levels of IFN type I-inducible
2’5’-oligoadenylatsynthetase (2'5’OAS) and IFN-iruikie protein 10 (IP10) genes. For both,
real time RT-PCR analysis revealed rather dowrma #raup-regulation (Table 4), and we did
neither detect IFN by ELISA (detection limit 47 pg/ml) nor activatioof interferon

regulatory factor 3 (IRF3) in HBV-infected PHH aurés (Figure D).

Thus, HBV up-regulated proteins involved in APR,yg&n detoxification and
apoptosis inhibition at the transcriptional- andtla¢ protein levels. Moreover, our data
suggest that an IFN response is neither inducddB) infection nor by HBV replication in

PHH.

Confirmation of HBV-induced changes in cellular genexpression in HBV-replicating
hepatoma cells, in chronically HBV-infected humaiver tissue and in HBV-related HCC
To study whether HBV infection or HBV replicationfluenced gene expression, we

compared gene expression profiles of HBV-repligatoell lines HepG2.2.15, established
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many years agoand HepG2-H1.3, a cell line established in ouotatory?® ®with parental
HepG2 cells. Total RNA from these cell lines waareied for the expression of the clAP2,
TNFAIPS8, IER3, IGFBP1, Mn-SOD, CRP, and CYP3A4 gebg real-time RT-PCR.

In contrast to PHH cultures, we found, that hepatarell lines did not express the
CRP and CYP3A4 genes at a detectable level. Theessipn of the Mn-SOD gene was
unaltered in HBV-replicating cells compared to Hep&glls. But, in agreement with our data
for HBV-infected PHH cultures, we found that clAR2s up-regulated in HepG2.2.15 cells,
and TNFAIPS, IER3 and IGFBP1 genes were up-regiilateboth HBV-replicating HepG2-
H1.3 and HepG2.2.15 cells in comparison to pardiéqlG2 cells (Table 5).

To determine whether these apoptosis- and caravesierelated genes were similarly
regulated by HBVin vivo and whether they may be implicated in carcinogsnese
compared the mRNA expression levels of clAP2, MIBSONFAIPS, IER3, IGFBP1, and
CYP3A4 in liver tissue samples from healthy HBVw®isubjects (n = 11) to those from
chronically HBV-infected patients (n = 11) and pats who had developed HBV-related
hepatocellular carcinoma (HCC) (n = 13) (Figure 2).

Real time RT-PCR analysis did not reveal up-regutabf the IGFBP1 gene (Figure
2). However, in agreement with our vitro findings, we observed an up-regulation of the
clAP2, Mn-SOD, TNFAIP8, and IER3 genes and downitaiion of the CYP3A4 gene in
HBV-expressing tumor and, more importantly, in HB3plicating non-tumorous tissue in
comparison to that from healthy donors (FigureFdr all genes we observed a significant
difference in the expression between HBV-positiwn-tumorous (HBV) and HCC tissue
(HBV/HCC) and HBV-negative control liver tissue. &3e results confirmed the primary role
of HBV in the induction of genes encoding for a sétapoptosis inhibitors, which may

contribute to the prevention of apoptosis and #&ttansformation of HBV-infected cells.

Activation of STAT3 in HBV-replicating hepatocytes
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Next, we investigated the mechanisms underlyingegplation of APR- and anti-
apoptotic-and down-regulation of pro-apoptotic ger&ince we observed expression changes
of a number of STAT3-regulated genes, namely clARR;SOD, IER3, IGFBP1, as well as
the numerous APR genes, we further examined theation of STAT3 in HBV-replicating
hepatoma cells and PHH. STAT3 activation requiregsphorylation of STAT3 at tyrosine
705 (Y705) which results in STAT3 dimerization ananslocation to the nucleus. We found
that levels of phosphorylated STAT3 (pSTAT3) weligngicantly increased in HBV-
replicating hepatoma cells in comparison to HBVateg cells, as shown by specific
detection of pSTAT3 by Western blotting (Figums).3

To confirm the activation of the STAT3 signalinglipaay in HBV-replicating cells by
an alternative method, we performed a STAT3-lueser reporter assay. We observed a
significantly higher activity of STAT3-dependentdily luciferase in HepG2-H1.3 cells as
compared to HepG2 cells (Figur€)3As in hepatoma cells, STAT3 became activatdeHit
upon HBYV infection (Figure B). Moreover, activation of STAT3-signaling incredsever the
time parallel to the increased HBYV replication atedted by measuring HBeAg (Figur€)3
A positive correlation between levels of STAT3 waation and HBV replication was also
observed when HepG2.2.15 and HepG2-H1.3 cells werapared (Figure B and B).
Collectively, these data strongly suggest the wewlent of HBV replication in STAT3
activation.

To test a causal relation between HBV replicatiod &TAT3 phosphorylation, we
studied STAT3 activation in liver tissue of HBV4tsgenic (HBVtg) mic¥ and mice treated
intravenously with adenoviral vector encoding loRif overlength genome of HBV (Ad
HBV)® (Figure 4). For control, age matched wild-type enf€57BL/6) or mice treated with
control adenoviral vector (Ad HBV/ko), respectivelyere used. HBVtg mice displayed a
significant amount of STAT3 phosphorylation in heggtes around central veins (Figure

4A), where HBV is primarily replicatinf, while age matched C57BL/6 mice hardly
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displayed or completely lacked pSTAT3 in hepatoeyEigure 4). Similarly, Ad HBV-
treated mice displayed a significant amount of pBE3fositive hepatocytes when compared
to control (Figure B) indicating that HBV replication activates STAI8vivo.

To confirm the relevance of this finding in the hamsituation, we assessed STAT3
phosphorylation and nuclear translocation in limeedle biopsies of patients with chronic
hepatitis B. We investigated paraffin embeddedrligections of patients with ongoing
hepatitis B (n = 11) and “healthy” control liveropisies (n = 4) from liver transplant donors.
All liver sections derived from patients with chrorepatitis B stained positive for HBsAg
and/or HBV-core protein (data not shown). Immuntddeemical staining for pSTAT3
revealed that, indeed, in contrast to the contalldjver sections from patients with chronic
hepatitis B showed pSTAT3 phosphorylation in hepyies (Figure B). In 7 out of 11 HBV-
infected patients STAT3 phosphorylation and nucteanslocation were mainly detected in
hepatocytes (with 5-70% of all hepatocytes staiqiogjtive), while in 4 patients pSTAT3 was
predominantly detected in non-parenchymal livetsc@MIPC) (pSTAT3 staining in 1-15% of
all NPCs) (Figure 6). pSTAT3-positive hepatocytes were either evenly distributed
throughout large areas of the liver or occasiondistributed in a more focal manner, very
often neighbouring periportal inflammatory sites.

To corroborate these data, we analyzed total prebeiracts prepared from tumor- and
non-tumorous tissue of three chronically HBV-inggttpatients. In contrast to non-infected
liver tissue, phosphorylation of STAT3 was detecitedll analyzed HBV-replicating non-
tumorous and tumor samples (Figur®)5 Collectively, our data clearly demonstrate

activation of STAT3 upon HBYV infection not only aell culture but alsen vivo.

IL-6 dependent and —independent STAT3 activation
To understand how STAT3 may become activated by HBMction, we first

measured the concentration of IL-6 - a well-knowtokine inducer of STAT3 signaling - in
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HBV-infected PHH cultures prepared from three ddfg donors. In all PHH cultures, we
observed a pronounced increase in IL-6 concentratiter HBV infection (Figure A&).

Since parental HepG2 cell line does not expres&*iL*’ and both, HepG2 and HBV-
replicating HepG2.2.15 and HepG2-H1.3 cells exmeshe IL-6 gene only at very low
levels below the real time RT-PCR quantificatiomits (Table 5), we looked for alternative
pathways of STAT3 activation in the absence of IISBAT3 signaling can also be induced by
reactive oxygen species (ROS). Indeed, we measusighificant increase of ROS in HBV-
replicating HepG2.2.15 and HepG2-H1.3 cells in cangon to parental HepG2 cells (Figure
6B). In addition, ROS were released after infectibuliferentiated HepaRG cells with HBV
(Figure &C). Moreover, treatment of HepG2-H1.3 with the R@8Hitor NAC reduced
STAT3 activity (Figure ®) indicating that ROS induced by HBV contributeaictivation of
STATS.

Activation of various tyrosine kinases can phosplate STAT3. JAK as well as Src
kinase have been shown to activate STATBo this end, we detected activation of Src-kinase
by Tyr416 phosphorylation in HBV-replicating Hep®-3 cells as compared to parental
HepG2 cells (Figure B. Thus, our data suggest that HBV replicationvatéis STAT3 not
only in a cytokine-dependent fashion but also inokye-independent by intracellular

activation.

Activation of STAT3 is needed to support HBV reg@tmon and to prevent apoptosis of HBV
infected cells

To examine whether STAT3 activation has any infagemn HBV infection or on
efficiency of HBV replication, we inhibited STAT3hpsphorylation with AG-490, a JAK-2
protein tyrosine kinase inhibitor that inhibits Y&’@hosphorylation of STATE AG-490
dissolved in 0.1% of DMSO was added to HBV-infeckéepaRG cells. HBV-infected cells

treated with 0.1% of DMSO only were served as @nt24 hours after AG-490
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administration we didn’t detect any significant eeff of AG-490 on cell viability at
concentrations up to 100 uM (Figurd)7 We therefore used 20 uM and 100 uM of AG-490
for further experiments. AG490 was added to moekHBV-infected PHH on day 4 p.i. 24
hours after AG-490 treatment, cells were eithevésted for RNA and protein isolation or
lysed for measurement of caspase 3/7 activity. RG4ahibited phosphorylation of STAT3 in
mock- and HBV-infected PHH cells as shown by Waestbtotting of nuclear protein
preparations (FigureBj. We here used expression of lamin as a loadimjraloinstead of
total STAT3 because phosphorylated STAT3 drives tthascription of STATS and thus
inhibition of STAT3 activation by AG-490 in turndds to down-regulation of total STAT3.
Purity of nuclear protein preparations was conglby Western blotting using anti-albumin
antibodies (FigureB). Induction of apoptosis in HBV-infected cellsated with AG-490 was
indicated by cleavage of poly(ADP-ribose) polymergd®ARP), which is a well-known
substrate of activated caspdééBigure B). While caspase activity also increased in AG-490
treated mock-infected cells, HBV-infected cells wbd a markedly higher activation of
effector caspases 3/7 in response to AG-490 (FighyeSince anti-apoptotic genes were up-
regulated in HBV-infected hepatocytes and in HBY@ssing tumor and non-tumorous
tissue (Figure @, Tables 3 and 4 and Figure 2, respectively), westigated their expression
level in dependence of STAT3 phosphorylation. Qitainte real-time RT-PCR analysis of
AG-490-treated HBV-infected PHH revealed a sigaifit down-regulation of clAP2, Mn-
SOD, IER3 and TNFAIP8 genes (FigurB)7in comparison to DMSO-treated, HBV-infected
cells. Together, these results strongly suggestatiavation of STAT3 signaling is important
for the prevention of apoptosis and the survivalBN-infected cells.

To investigate whether STAT3 activation has an atffen HBV replication, we
determined the expression levels of HBV pgRNA inHBfected PHH and in HBV-infected
differentiated HepaRG cells treated either with DM8r with AG-490 (Figure 8 and C,

respectively). Inhibition of STAT3 in PHH by 20 putt 100 uM of AG-490 reduced relative
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levels of HBV pgRNA per surviving hepatocyte in asd-dependent manner by 54% and
89%, respectively (FigureA3. Accordingly, levels of secreted HBeAg droppeghngicantly
after addition of AG-490 (FigureB3. Similarly, we observed significantly decreasedels of
HBV pgRNA and HBeAg in HBV-infected differentiatddepaRG cells after treatment with
20 UM or 100 puM of AG-490 (FigureCBandD, respectively). To explain a strong decrease in
the level of HBV pgRNA, we quantified HNBE4 a critical regulator of pgRNA
transcriptior™ *> We found that HNFd expression was strongly dependent on STAT3
activation (Figure 8 andC) while HNF3x and HNF3, also playing a role in regulation of
HBV gene expressidfi*® remained unchanged in both cell types (Figufe ghd C).
Collectively, these results suggest that STAT3 lags transcriptiofactor HNF4x and in
turn activates HBV gene expression and replication.

To further confirm the results obtained with AG-49@ knocked down STAT3 by
STAT3-specific sSiRNA. Since primary hepatocytes dificult to transfect, we used HBV-
replicating HepG2-H1.3 cells. Transfection of Hep&R.3 cells with STAT3-siRNA resulted
in ~50% reduction in STAT3 expression at the mRNA antha protein levels (FigureA9
and an~70% decrease of phosphorylated STAT3. ImportastRNA-mediated inhibition of
STAT3 significantly reduced expression levels oARR2, IER3 and TNFAIP8 genes in
HepG2-H-1.3 cells by 37, 30 and 50%, respectiveilgure B).

To confirm the effects on HBV gene expression aplication, we examined levels of
secreted HBeAg and transcription of HBV pgRNA. Af&TAT3 knock-down, both HBeAg
levels and HBV pgRNA levels significantly decreas®d41 and 38%, respectively (Figure
9C andD, respectively). As before, we also observed agtdpwn-regulation of HNFet (by
43%) but not of HNF8 or HNF33 expression upon knock-down of STAT3 (Figur@)9

suggesting that HNFxlinks STAT3 activation and HBV replication.
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Taken together, our results strongly suggest tA&TS serves as a pro-viral host
factor activating HBV transcription and replicatio8ince inhibition of STAT3 activation
resulted in induction of apoptosis, down-regulatmhanti-apoptotic genes and a marked
decline of HBV gene expression and replicationcaecluded that the activation of STAT3 is

required to prevent apoptosis and to support HBXiptence and replication.
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Discussion

Our study revealed that HBV replication stronglytieates STAT3 signaling in
primary human hepatocytes (PHH), in infected Hepaf{Bs, in HBV-replicating hepatoma
cells and mice as well as in chronically HBV-infettthuman liver tissue and in HBV-related
HCC. STAT3 activation led to the up-regulation @ngs encoding for acute phase response
proteins and proteins involved in cell survival.dddition, STAT3 activation supported HBV
replication. Inhibition of JAK-kinases in HBV-infeed PHH cultures prevented STAT3
activation by phosphorylation and induced apoptdsisibition of STAT3 phosphorylation as
well as STAT3-knock-down by siRNA led to down-regibn of anti-apoptotic genes and
reduction of HBV gene expression and replicationug;, STAT3 activation is beneficial for
the virus not only by supporting HBV replicationtbalso by sustaining survival of HBV
replicating hepatocytes.

Using genome-wide gene expression profiling, watified a number of differentially
expressed genes in HBV-infected primary human loegs cultures, and investigated those
genes in stably HBV-producing cell lines as wellimgumor- and non-tumorous tissue of
patients chronically infected with HBV. We foundathmost of the regulated genes are
controlled by the STAT3 signaling pathway and setwerestore cellular homeostasis or
oxygen radical detoxification and favour hepatocstievival. This suggests a link to HBV-
related cancer development for which STAT3 actoratseems important: *° Intriguingly,
our data demonstrate that activation of STAT3 exequisite for efficient HBV replication
in HBV-infected hepatocytes.

Microarray analysis revealed only limited differescin gene expression profiles
between primary human hepatocyte cultures infeetdéd HBV and non-infected controls.
However, hepatocytes obviously responded to HB¥dtibn by the induction of a STAT3-

dependent acute phase response restoring cell lstesenand restricting proteolytic activity

25



- Hosel et al: HBV activates STAT3 signaling patgwa

and tissue damage. The fact that Mn-SOD was upatggland a number of CYP450 family
members were down-regulated, indicated that oxidatiress contributed to this regulation.

A strong down-regulation of CYP450 enzymes in HBfécted hepatocytes detected
in our study was similar to what has been repoitediBV transgenic mic&’ CYP450
proteins are mono-oxygenases, which are an impogaaorce of ROS in hepatocytes.
Particularly CYP3A4, the predominant CYP in theslivwas down-regulated in all analyzed
PHH cultures and in HBV-expressing tumor and nandrous tissue (Tables 3, 4 and Figure
2). In our study, anti-oxidant protein Mn-SOD wasnegulated in all analyzed PHH cultures,
in liver tissue from chronically infected patiemtstively replicating HBV as well as in HBV-
related HCC (Figuresll and 2 and Tables 3 and 4). Mn-SOD, which is ragdlay STAT-3,
has been reported to be up-regulated by inducti¢tBY replication in HepAD38 hepatoma
cells and increased in patients with acute viral heisafitlt suppresses oxidative stress
damage and ROS-mediated apoptosis in rat hepasdéy&nce HBV replication caused an
increase of ROS (Figure B-D) andoxidative stress has been shown to negatively aggul
HBV gene expressioti, one could speculate that HBV activates a feed-bmekhanism:
down-regulation of CYP450 enzymes, accompanied naldgtion of Mn-SOD and ROS-
reducing activity proteins (IER%)will protect the host hepatocyte from oxidativeess-
induced apoptosis and maintain virus replicatiospite an activated immune system. As a
side effect, resistance to oxidative stress coubdige a selective growth advantage for pre-
neoplastic hepatocytes, which can also contribtuté@C development

Weland et al. found no significant change in gene regulationrdgroarray analysis of
serial liver biopsies of experimentally infectedirspanzees before the onset of a T cell
response and concluded that HBV is a stealth vfr@n a first glance, this appears to be in
contrast to our data. A study Wyisicaro et al. showed that the innate immune system is
activated from the beginning of HBV infection in mendicated by the early development of

natural killer (NK) and CD56NK-T cell response¥. In cultured cells, pro-inflammatory
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cytokine responses, including IL-6 responses, apidly but transient induced after contact
with HBV. HBV and its antigens even seem to inhibitbsequent recognition of other
patterns:* *® This indicates that sustained STAT3 signaling,cvhive observed in the human
tissue samples, requires other triggers in addittorBV patterns, e.g. inflammatory liver
disease which is lacking in chimpanzées.

Consistent with the chimpanzee study, our micrgaeaalyses failed to detect any
activation of an IFN response during HBV replicatio the absence of T cells. IRF3 protein
was not activated (FigureD) and IFN type I- and type ll-inducible genes 2’&8 and IP10
were rather down-regulated (Table 4) - most likdlye to STAT3 activation which can
mitigate virus induced IFN type I-signalifiy.

HBV protein expression has been accused to interigth IFN type | signaling in
infected hepatocytés. HBV S°? as well as polymerase protéihdiave been reported to
interfere with host cell-autonomous immune respsnagthin infected hepatocytes. In
particular the HBx proteifi*®® seems to influence cellular immune as well as igatv
signaling. HBV needs to constantly express HBx,clvhs essential to establish and maintain
HBV infection’ that otherwise is inhibited by the smc5/6 comfileXhe virus also requires
S as well as polymerase proteins to produce progEmgrefore, its replication may well
actively interfere with any interferon response.

Since apoptosis is an important mechanism to eliteitHBV infected hepatocytes,
primes antiviral cytokine responses in the lives apoptotic bodié8 and is deleterious to
HBV spread’, we further analyzed the regulation of apoptosiated genes. In all
experiments, the balance between cell survival @lddeath was in favor of cell survival
although with some inter-experimental variabilyset of anti-apoptotic genes was similarly
regulated upon HBV infection in at least four indedent PHH cultures infected with HBV

(Table 4) and in stably HBV-replicating cell lin€Eable 5). More importantly, we observed

an up-regulation of clAP2, Mn-SOD, IER3, and TNFAIR HBV-expressing tumor and non-
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tumorous liver tissue. Of note, our data stronglggest a pivotal role of HBV rather than

hepatocarcinogenesis in up-regulation of theseaguptotic genes, since their expression in
HBV-expressing non-tumorous liver tissue was sigaiftly higher than in samples from non-

infected donors (Figure 2).

A number of signaling pathways are accused to dor to hepatocarcinogenesis.
Besides NFkp, and STAT3 activatiof’ the MAPK, Akt/mTOR, WNTB-catenin, insulin and
hepatocyte growth factor pathways are regardedetoniportant in this respe€t.In contrast
to previously published dafa,we did not observe activation of Erk or JNK by HBV
replication in HBV-replicating hepatoma cell linfgata not shown). The STAT3 pathway, in
contrast, was strongly regulated by HBV replicatiafter infection of primary human
hepatocytes and HepaRG cells or in HBV-replicahegatoma cells, and -most importantly-
in all HBV-infected human liver tissue samples. As& of liver needle biopsies from
patients with chronic hepatitis B in comparisoméalthy controls in our study confirmed that
HBYV infection leads to a predominant STAT3 phosptaiion and its nuclear translocation in
hepatocytes.

By gene expression analyses of primary human teércultures infected with HBYV,
we also detected changes in the expression of abaise response genes which are regulated
by the IL-6 / STAT3 pathwal#' "> STAT3 is activated via phosphorylation by seveéyebsine
kinases in response to various intrinsic and esitifactors. Growth factors or a number of
cytokines including IL-6 or IL-10 family members taptin activate STAT3. Previously, we
demonstrated a rapid secretion of IL-6 and othexBVBependent cytokines upon contact of
non-parenchymal liver cells with HBV. Furthermore, serum levels of IL-6 are significgntl
higher in hepatitis B patients than in healthy blodonoré* suggesting sustained IL-6
signaling and activation of STAT3 in HBV infection.

However, we and others detected STAT3 activatlso en HBV-replicating hepatoma
cell lines>"" and in HBVtg mic& in the absence of cytokine secretion. This reguire
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additional, cytokine-independent intracellular aation of STAT3 by HBV replication.
Generation of ROS in stably HBV-producing cell BnelepG2.2.15 and HepG2-H1.3 and
upon infection of HepaRG cells with wild-type HBWiQure 6), and oxidative stress may
result in STAT3-activation as described for HE\Also, HBx protein might be responsible
for intracellular STAT3 activation during HBV repition®® as it associates with

mitochondria and can cause oxidative stress by R@8ctiorr™ % 8!

as well as may
dysregulate cellular miRNAs such as leth#-@r microRNA-21% It is very likely, upon
HBV replication, STAT3 is activated by multiple iat as well as extracellular pathways in
hepatocytes and/or in non-parenchymal cells. Thactegontribution of each pathway in
activation of STAT3 in primary hepatocytes is yebe determined.

Inhibition of STAT3 is known to induce growth arresd apoptosis of human HCC
cells® ® Interestingly, study performed bie et al., 2013 strongly suggested that some
single nucleotide polymorphisms in STAT3-coding gepredispose the host with HBV
mutations in enhancer /basal core promoter andopeepegion or in preS2 start codon
mutations to hepatocarcinogene<i®y chemical inhibition of STAT3 phosphorylationdan
siRNA-mediated silencing of STAT3, we show that $3Aactivation is necessary to confer
apoptosis resistance in primary human hepatocytéscted with HBV and in HBV-
replicating HepG2-H1.3 cells. Accordingly, we deéet significant down-regulation of
clAP2, Mn-SOD (PHH), IER3 and TNFAIP8 genes upadmbition of STAT3 (Figure D and
Figure B).

Interestingly, inhibition of STAT3 resulted in aamked decline of HBV gene
expression, antigen secretion and replication (@, Figure € andD). Here, two possible
mechanisms may become operative: (i) activated STARy regulate HNF3, and together
they bind to the core domain of HBV enhancer | gusitively influence HBV gene
expressiori” alternatively, (i) HNF1°, an important transcriptional activator of HNE4nay

up-regulate HNFd and thus transcription of pgRNA and HBYV replicatfd 8’ Examining the
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first possible mechanism, we quantified expressibRINF30 and HNF8 mRNAs in PHH
and in HepaRG cells upon inhibition of STAT3 signglby administration of AG-490 or
specific STAT3-siRNA. In neither case, the expr@saf HNF3x or HNF33 was changed. In
contrast, we found a strong decrease of HiNEYels upon inhibition of STAT3 (FigureA8
and C and Figure B). Since STAT3 is known to amplify transactivatiohhepatic genes,
mediated by HNF1, we speculate that this mechansmitilized by HBV to increase
transcription of viral pregenomes, which are theeasial template for HBV replication.

A recent study performed biluang et al. (2016 demonstrates that activation of
STAT3 by HBV inhibits expression of micro-RNA miF32 acting as a tumor suppressor but
also inhibiting HBV pRNA encapsidation and capsissembly. Hence, in addition to
prevention of apoptosis, attenuation of oxidatitress, and stimulation of HBV replication
through HNF4 described in our study, activation of STAT3 upoB\Hinfection supports
HBV replication and malignant transformation ofeofed hepatocytes by suppressing miR-
204. Thus, STAT3 signaling acts at various levaldavour of HBV but also in favour of
hepatocyte transformation and survival.

In summary, our data clearly demonstrate HBV-mediatctivation of STAT3
signaling in different cell culture systems, in HBaplicating mice and in HBV-replicating
non-cancerous liver and HCC tissue. We found tH2l ldctivated STAT3 by intra- as well as
extracellular signaling. Activated STAT3 is cructal maintain efficient HBV replication. In
addition, STAT3 promotes hepatocyte survival, esakffor virus persistence but in turn
favours malignant transformation. Hence, inhibitioh STAT3 activation represents a

promising target to control HBV infection and tdnibit HBV-related HCC development.
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Figure legends

Figure 1. Up-regulation of apoptosisinhibitorsinduced by HBV replication in PHH. (A)
Formation of HBV cccDNA in HBV-infected PHH was ewmed by real-time PCR using
total DNA extracted from mock- (control) or HBV-gdted PHH cultures on day 4 p.i. DNA
extracted from high-titer (>5x10e8/ml) serum ofFBV-positive patient and from serum of
an HBV-positive chimpanzee containing HBV rcDNA weused as specificity (negative)
controls. Total liver DNA extracted from HBV-posié patient and plasmid DNA encoding
for HBV 1.3-overlength genome served as positivetrads. PCR products were separated in
a 2% agarose gel, water control and DNA size mafkbrare indicated.R) HBeAg was
measures in cell culture supernatants from day4lpa. of HBV-infected PHH prepared from
two different donors (PHH4 and PHH5) as signal-datml (S/CO) ratio. Day 1 values reflect
input virus. Values are shown as mean £ SD (n #*§; < 0.001; Student's test). C) PHH
cultures were infected with AdG-HBV1.3 at an moi b2 infectious units (i.u.) /cell.
Expression of GFP was visualized by fluorescena@aacopy at 24 hours p.D) Expression

of clAP2, Mn-SOD ang-actin (loading control) in mock- or HBV-infectedHPi4 and PHH5
was analyzed by Western blot analysis of totalgnoéxtracts prepared on day 4 p.i. Levels
of IRF3 and lamin (loading control) in the nuclesfsmock- or HBV-infected PHH4 and
PHH5 were determined by Western blot analysis alear proteins extracted on day 4 p.i.
(left panel). Densitometric quantification (righanel) of clAP2 or Mn-SOD relative tp-
actin and IRF3 relative to lamin was performed gsimageJ Software. Protein levels are

given relative to respective mock control (set)}o 1

Figure 2. Changes in cellular gene expression in chronically HBV-infected human liver
tissue and in HBV-related HCC. Liver tissue samples from healthy HBV-naive sutsiec

(Healthy, n = 11), from chronically HBV-infected tmmts (HBV, n = 11) and patients who
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had developed HBV-related HCC (HBV/HCC, n = 13) svanalyzed for expression of the
clAP2, Mn-SOD, IER3, TNFAIP8, CYP3A4, and IGFBP1ngs by real-time RT-PCR. Each
data point represents the expression level detednin a single sample. Mean expression

level £ SD in each group and statistical signifcaiStudent'stest) are given.

Figure 3. Activation of STAT3 in HBV replicating cells. (A) Total cellular proteins were
analyzed for the presence of tyrosine 705 phospdiey STAT3 (pSTAT3) and total STAT3
by Western blotting. One representative Westerh dab of three is shown (left panel). Band
density was quantified using ImageJ Software arative levels of pSTAT3 were calculated
(right panel). Level of pSTAT3 in HepG2 cells wat ® 1. Values are shown as mean = SD
(n = 3; **p < 0.001; Student's test). B) Secretion of HBeAg into the medium of stably
HBV-replicating HepG2.215 or HepG2-H1.3 cells wastedmined as signal-to-control
(S/CO) ratio, mean = SD from three independent expnts is given. HepG2 cells were
used as negative controC)(Activation of STAT3 in HepG2-H1.3 cells was arady by the
STAT3-luciferase reporter assay. HepG2-H1.3 andG2epells were transfected with STAT3
Cignal® reporter, negative or positive control domsts. Cells were harvested 72 and 96
hours after transfection and analyzed by the Duamiferase Cignal® reporter assay. The
activity of STAT3-dependent firefly luciferase igpgessed in relative light units. The activity
of constitutively expresselenilla luciferase was used for internal normalizatiorcr8gon of
HBeAg into the culture medium of HepG2-H1.3 cedlgndicated by dots. Values are shown
as mean £+ SD (n = 3; **p < 0.01; **p < 0.001; Samd'st test). D) Nuclear proteins
extracted from mock- or HBV-infected PHH prepareahf two different donors (PHH4 and
PHHS5) on day 4 p.i. were analyzed for the presasfcpSTAT3 by Western blotting (left
panel). Band densities for pSTAT3 and lamin (logdoontrol for nuclear proteins) were
guantified using ImageJ Software (right panel), Eavels of pSTAT3 were calculated relative

to respective mock control (set as 1).
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Figure 4. Activation of STAT 3 in mouse models of HBV infection. (A) Liver tissue samples
from HBV transgenic (HBV tgl.3; n = 5) or age- asek-matched wild-type C57BI6 (Wild-
type; n = 4) mice were stained for pSTATB) C57BI6 mice were transduced with adenoviral
vectors either encoding a replication-competentfdl® overlength genome of HBV (Ad
HBV; n = 3) or one in which all open reading franvesre knocked-out (Ad HBV/ko; n = 4).
Liver tissue samples were isolated on day 7 afterstduction and stained for pSTAT3. Ratio
of pSTAT3-positive hepatocytes/1000 hepatocytes egdsulated from 6 independent areas /
tissue sample and is given in the right panal$Bj. For better comparison, ratio determined
in wild-type or in Ad HBV k/o mice was set to 1.a8stical significance is shown (Studert's

test).

Figure 5. Phosphorylation and nuclear translocation of STAT3 in human livers
chronically infected with HBV. (A, B) Immunohistochemical analysis for pSTAT3 and its
sub-cellular localization in paraffin-embedded fliviissue sections of chronically HBV-
infected patients and control individualg) (Scale bar: 15¢um. (B) Enlargement, scale bar:
50 um. The upper row shows nuclear localization of pBIAn hepatocytes, evenly
distributed throughout large areas of the livertagas detected in most sections. The lower
row shows alternative, more focal distribution @TAT3-positive hepatocytes, very often
nearby periportal inflammatory sites. A peripoitd&lammatory lesion is marked by a dashed
line. Arrow heads depict pSTAT3-positive hepatosyla some cases, pSTAT3 and its nuclear
localization were detected in hepatocytes (arroadheand at the same time in sinusoidal
macrophages (arrows) (middle panels). Occasiona8YAT3 was predominantly detected in
endothelial cells (arrow head) and NPCs, mostyik&lpffer cells (lower row, right panel).
Control livers lack STAT3 phosphorylation and nacléranslocation in hepatocytes or NPCs
in all liver sections investigatedC) Quantification of pSTAT3-positive cells relative total
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number of hepatocytes or NPCs is shown in %. Blzals represent hepatocytes, green bars
represent non-parenchymal liver cellB) Western blot analysis of total proteins prepared
from healthy liver tissue, from chronically HBV-gdted patients or from patients with HBV-
related HCC for the presence of pSTAT3. Membranesewe-probed with anti-STAT3

antibodies to control STAT3 expression levels aradgin loading.

Figure 6. Activation of STAT3 by IL-6-dependent and -independent intracellular
mechanisms. (A) Secretion of IL-6 into the medium of mock- or HBMeécted PHH cultures
prepared from three different patients was measbredELISA on day 4 p.i.. Values are
shown as mean + SD (n = 3; ***p < 0.001; Studettsst). B) ROS were determined in
HepG2, HepG2.2.15 and HepG2-H1.3 cells on day &r aftaching confluency ancC) in
mock- or HBV-infected HepaRG cells on day 6 andli0Oby Cellular ROS Detection Assay
Kit. Relative ROS levels in HepG2 cells or in mankected HepaRG cells were set to 100%.
Values are shown as mean = SD (n = 6; *p < 0.0p8;<%0.01; Studentttest). D) Levels of
STATS3 activity after treatment of HepG2-H1.3 cellth 5 mM of ROS-inhibitor N-acetyl-L-
cystein (NAC) were determined by the STAT3-lucifeaeporter assay. Relative activity of
firefly luciferase reflecting STAT3 activation indgG2 cells was set to 100%. Values are
shown as mean = SD (n = 6; *p < 0.05; **p < 0.0@tydent'd test). E) Phosphorylated
(Tyr416) and non-phosphorylated Src-kinase wereaiet by Western blot analysis using
total cellular proteins isolated from HepG2 or H2pi®1.3 cells. To control HBV replication
and protein loading, membranes were re-probed tmdesl with anti-HBV core opf-actin

antibodies, respectively.

Figure 7. Inhibition of STAT3 by AG-490 and its consequences on apoptosis signaling in
hepatocytes. (A) HBV-infected differentiated HepaRG cells wereheit treated with 0.1%

DMSO or with different amounts of AG-490 (0.2 pMuM, 5 pM, 20 uM and 100 pM). 24
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hours after administration of AG-490, cell viahjilitvas analyzed by CellTiter blue® Cell
Viability Assay. Values are given as median + SD=(B; statistical significance relative to
DMSO-control: ns, not significant; Student'sest). B) Mock- or HBV-infected PHH were
either incubated with 0.1% DMSO or with 100 uM o6A90 for 24 hours. Nuclear or
cytosolic proteins were prepared using the NE-PERI&&r and Cytoplasmic extraction
Reagents. Inhibition of STAT3 phosphorylation (upganel) was analyzed by Western
blotting using nuclear proteins and anti-pSTAT3 il@odies. Purity of nuclear protein
preparations was controlled by Western blottingqigsanti-albumin antibodies. Cleavage of
PARP (lower paneljvas analyzed by Western blotting using nucleargametand anti-PARP
antibodies. Positions of 116 kDa uncleaved (upmerdh and 85 kDa cleaved PARP (lower
band) are indicated. Membranes were re-probed aitilamin antibodies to control equal
protein loading. €) Caspase 3/7 activity in mock- or HBV-infected Pliklated with either
DMSO or with 100 uM AG-490 was measured by lumieaes€Caspase 3/7 assay. Mean + SD
is given (n = 3; **p < 0.001; Studenttstest). D) Expression levels of clAP2, Mn-SOD,
IER3 and TNFAIP8 genes in HBV-infected PHH treatath either DMSO or with AG-490
(20 or 100 uM) were determined by real-time RT-P@ene expression levels in HBV-
infected cells treated with DMSO were set to 100%lues are shown as mean * SD,
statistical significance was calculated relativehe respective DMSO-control sample (n = 3;

*p < 0.05; **p < 0.01; **p < 0.001; ns, not signdant; Student'stest).

Figure 8. Inhibition of STAT3 by AG-490 and its consequences for HBV infection. HBV-
infected PHH A,B) or HepaRG cells@,D) were treated for 24 hours either with DMSO or
with AG-490 (20 or 100 uM).A,C) Expression levels of HBV pgRNA and HN&4HNF3o
and HNF3 genes were determined by real-time RT-PCR. Gepeessgion levels in HBV-
infected cells treated with DMSO were set to 100B/D) Levels of HBeAg secreted into the

cell culture medium were determined by as signaletotrol (S/CO) ratio by ELISA at 24
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hours after treatment with AG-490. All values areown as mean + SD, statistical
significance was calculated relative to the respedMSO-control sample (n = 3; *p < 0.05;

**p < 0.01; **p < 0.001; ns, not significant; Stedt'st test).

Figure 9. Knock-down of STAT3 by STAT 3-specific SRNA and its consequences. (A)
HBV-replicating HepG2-H1.3 cells were either lefitteated or transfected with 5 nM of
STAT3-siRNA or non-silencing siRNA (nsRNA) as caitrSTAT3 mRNA levelqleft pane)
were determined by real-time RT-PCR. Cells trarisfitanvith nsSRNA were set to 100%.
Levels of pSTAT3 and STAT3 were examined by Westelot analysis of total cellular
proteins (right panel) using anti-pSTAT3 and anfAE3 antibodies, respectively. Membranes
were re-probed with anfl-actin antibodies to control equal protein loadir{g) Gene
expression levels of clAP2, IER3 and TNFAIP8 in B&pH1.3 cells transfected with STAT3
SiRNA were determined by real-time RT-PCR relativéhose transfected with nsSRNA (set to
100%). C) Levels of HBeAg secreted into the cell culturedimen were determined by the
HBeAg ELISA and shown as S/CO ratid)(Expression levels of pgRNA and HNk4
HNF30 and HNFPB genes were determined by real-time RT-PCR reldtivethe respective
NSRNA control. Expression levels in cells trangddctvith nsSRNA were set to 100%A-D)
Values are shown as median £ SD (n = 3; **p < 0.8%p < 0.001; ns, not significant;

Student's test).
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Table 1: Primer sets used for LightCycler real-time PCR

Gene LC PCR Primers
clAP2 fw: 5"-TGAAGCTGTGTTATATGAGCA-3"
rev: 5-ACGAACTGTACCCTTGAT-3"
Mn-SOD fw: 5"-AGCCCAGATAGCTCTTC-3’
rev: 5 -AGGTAGTAAGCGTGCTC-3"
TNFAIPS fw: 5"-GCTTGCTTAGGGCTTC-3’
rev: 5-GCTCATGTTCTTTAGCAGT-3"
IER3 fw: 5"-CGAGGCGCATAGAGAC-3’
rev: 5-CTACTTTGCCGCAGTTC-3"
IGFBP1 fw: 5"-AGAGCACGGAGATAACT-3’
rev: 5-TCCAAGGGTAGACGCA-3’
CRP fw: 5"-ACATTCACAGGGCTCT-3"
rev: 5 -ACAAGGTTCGTGTGGA-3"
ccL2 fw: 5"-AGATGCAATCAATGCCC-3’
rev: 5-GTTGTGGAGTGAGTGTTC-3"
IL-8 fw: 5"-AAGAACTTAGATGTCAGTGC-3’
rev: 5-ACTTCTCCACAACCCT-3"
APOE fw 1: 5"-CAAGGTGGAGCAAGCG-3’
rev 1: 5-ATGGTCTCGTCCATCAG-3"
fw: 5"-TCACCGTGACCCAAAG-3’
CYP3A4 rev: 5-TTTGAGGTCTCTGGTGT-3"
25'0AS fw: 5"-CAGTTAAATCGCCGGG-3’
rev: 5-AGGTTATAGCCGCCAG-3’
P10 fw: 5"-ACTGTACGCTGTACCT-3"
rev: 5-TGGCCTTCGATTCTGGA-3"
IL-6 fw: 5"-AAACAACCTGAACCTTCC-3’
rev: 5-CAGGGGTGGTTATTGC-3"
STAT3 fw: 5"-TTCGGAAAGTATTGTCGGC -3

rev: 5-GGGTTTGGCTGTGTGA -3




Table 2: Gene expression profiling of HBV-infected PHH cultures

No. of transcripts

No. of transcripts Relative efficiency of

HBeAg (ng/ml)®

a
Sample UP—reguIatedb DOWN—reguIatedb HBV replicationc
PHH1 192 416 15% 111
PHH2 894 1364 45% 21.7
PHH3 511 349 30% 14.95
Common regulated
in all PHH 40 r - )

& PHH prepared from different patients (1-3), RNA isolated on day 4 post mock- or HBV infection;
UP-or Down-regulated transcriptsin HBV-infected PHH compared to mock-infected PHH, fold change (FC)>1.5;
°Relative expression levels of HBV pgRNA determined by real time RT-PCR on day 4 p.i.
d Levels of HBeAg secreted into the culture medium on day 4 p.i



Table 3: Functional grouping of genes identified by Affymetrix analyses

. a
of reguiated gencs . Gene Desription Public 1D e
PHH1" PHH2" PHH3
POSITIVE APR
Major APR CRF* C-reactive protein, pentraxin-related NM_000567 9.21 451 5121
SAAl Serum amyloid 1 NM_000331 21 431 251
SAA2 Serum amyloid 2 NM_030754 231 11.31 31
APCS Amyloid P component, serum NM_001639 21 251 161
Coagulation proteins ~ FGA Fibrinogen alpha chain NM_000508 261 751 461
FGB Fibrinogen beta chain NM_005141 161 211 171
FGG Fibrinogen gamma chain NM_000509 171 231 161
FGL-1 Fibrinogen-like protein NM_004467 231 251 251
Metal-binding HP Haptoglobin NM_005143 191 171 21
proteins HPR Haptoglobin-related protein NM_020995 261 171 231
Mn-SOD¢ Superoxide dismutase 2, mitochondrial NM_000636 21 371 431
Proteinaseinhibitors ~ SERPINA1  Serpin peptidase inhibitor, clade A, member 1, anti-trypsin NM_000295 181 141 191
SERPINA 3 Serpin peptidase inhibitor, clade A, member 3, anti-trypsin NM_001085 211 221 21
Complement C4A Complement component 4A NM_007293 281 nc 31
proteins C9 Complement component 9 NM_001737 321 371 161
Other proteins LBP Lipopolysaccharide-binding protein NM_004139 431 81 9.21
ORM1 Orosomucoid 1 NM_000607 271 231 321
ORM2 Orosomucoid 2 NM_000608 231 181 531
NEGATIVE APR ALB Albumin NM_000477 nc -25D -16D
ITIH2 Inter-alpha (globulin) inhibitor H2 NM_002216 nc -2D -25D
HRG Histidine-rich protein NM_000412 nc -61D -15D
CHEMOKINES CXCL1 Chemokine (C-X-C motif) ligand 1 NM_001511 291 1531 331
CXCL2 Chemokine (C-X-C motif) ligand 2 NM_002089 151 821 8l
CXCL5 Chemokine (C-X-C motif) ligand 5 NM_002994 nc 9.21 71
CXCL6 Chemokine (C-X-C motif) ligand 6 NM_002993 171 1331 291
CCL2° Chemokine (C-C motif) ligand 2 NM_002982 591 1191 19.31
CCL20 Chemokine (C-C motif) ligand 20 NM_004591 171 26.71 6.71
APOPTOSIS
Negative regulators clAP2 clAP2 apoptosisinhibitor 2, Birc3 NM_001165 nc 491 461
IER3 Immediate early response 3 NM_003897 nc 441 191
TNFAIP8 TNF alpha-induced protein 8, FLIP-like, SCC-S2 NM_014350 nc 251 231
Mn-SOD Superoxide dismutase 2, mitochondrial NM_000636 21 371 431
PBEF1 Pre-B-cell colony enhancing factor 1 NM_005746 nc 231 331
CRP C-reactive protein, pentraxin-related NM_000567 9.21 451 5121
IL-8 Interleukin 8 NM_000584 nc 211 8l
CCL2 Chemokine (C-C motif) ligand 2 NM_002982 591 1191 1931
IGFBP1 Insulin-like growth factor binding protein 1 NM_000596 nc 11381 431
Positive regulators APOE® Apolipoprotein E NM_000041 nc -105D -27D
CASP4 Caspase 4 NM_001225 nc 361 181
METABOLISM
Antioxidant proteins ~ Mn-SOD Superoxide dismutase 2, mitochondrial NM_000636 21 371 371
GPX2 Glutathione peroxidase 2 NM_002083 511 311 6.11
CP Ceruloplasmin (ferroxidase) NM_000096 nc 481 71
Xenohiotic CYP3A4° Cytochrome P450, Family 3, subfamily A, polypeptide 4 NM_000776 -28D -65D -7D
metabolism proteins UGT2B15 UDP glucuronosyltransferase 2 family, polypeptide B15 NM_001076 -23D -16 D -13D
UGT2B28 UDP glucuronosyltransferase 2 family, polypeptide B28 NM_053039 nc -64D -25D
Oxydoreductases CYP3A4 Cytochrome P450, Family 3, subfamily A, polypeptide 4 NM_000776 -28D -65D -7D
and electron CYP3A7 Cytochrome P450, Family 3, subfamily A, polypeptide 7 NM_000765 -16D -25D -2D
transport proteins CYP2C8 Cytochrome P450, Family 2, subfamily C, polypeptide 8 NM_030878 -16D -8D -44D
CYP2A6 Cytochrome P450, Family 2, subfamily A, polypeptide 6 NM_000762 nc -49D -6.1D
CYP2C9 Cytochrome P450, Family 2, subfamily C, polypeptide 9 NM_000771 -2D -35D -57D
CYP2C19 Cytochrome P450, Family 2, subfamily C, polypeptide 19 NM_000769 -17D -53D -19D
GRHPR Glyoxylate reductase, hydroxypyruvate reductase NM_012203 nc -25D -28D
ACADL Acyl-Coenzyme A dehydrogenase, long chain NM_001608 -1.7D -26D -2D
BDH 3-hydroxybutyrate dehydrogenase NM_004051 nc -19D -55D
Lipid metabolism APOE Apolipoprotein E NM_000041 nc -105D -27D
and transport ACADL Acyl-Coenzyme A dehydrogenase, long chain NM_001608 -1.7D -26D -2D
proteins CYP3A4 Cytochrome P450, Family 3, subfamily A, polypeptide 4 NM_000776 -28D -65D -7D
AKR1B10 Aldo-keto reductase family 7, member B10 NM_020299 -3D -14D -4D

a I, increased; D, decreased; nc, no change in gene expression in HBV-infected PHH compared to mock-infected cells

® pHH prepared from different patients (1-3); © Due to the dual functions, some of genes are listed twice



Table 4: Confirmation of microarray data by real time queative RT-PCR

Fold changea in gene expression: PHHb/H BV vs. PHHb/mock

Gene

PHH2 PHH3 PHH4 PHH5
CclAP2 511 391 511 291
Mn-SOD 391 21 411 341
TNFAIP8 21 231 2.31 311
IER3 571 1.71 151 161
IGFBP1 116 1 531 231 741
CRP 18.51 1151 269 1 881
CCL2 41 211 6.7 1 6.91
IL-8 2471 10.8 1 851 421
APOE -19D -35D -14D -23D
CYP3A4 -4D -86D -43D -12.2D
2'5'0AS nc -2D nc -1.6D
IP10 nc -1.7D -15D -25D

a , increased; D, decreased compared to mock-infected Phikhn values of at least two
independent measurements @eeriment are given; nc, o change in gene expression
detected

b PHH prepared from different patient materials (PHPM2H5)



Table5: Alteration of gene expression in HBV-replicatindl ¢i@es

Fold changea in gene expression

Gene HepG2H13vs  HepG2215vs
HepG2® HepG2®

clAP2 nc 274021
TNFAIPS 17404 | 28405
IER3 24011 35+051
IGFBP1 34091 714091
Mn-SOD nc nc
CRP nd nd
CYP3A4 nd nd

IL-6 nd nd

a I, increased; D, decreased compared to HepésHs; nc, no change in gene expression
observednd, gene expression was not detectable by realdirastitative RT-PCR
® mean values + SD from at least three independergrerents are given
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