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SUPPLEMENTARY MATERIAL & METHODS 

Human Pluripotent Stem Cells and hepatic differentiation 

H9 human Embryonic Stem Cells (H9 ESCs), also known as WA09, were obtained from WiCell 

Research Institute, and were previously adapted to monolayer culture by Dr. Kevin G Chen (NIH 

Stem Cell Unit).[s1] They were cultured and differentiated as we previously described.[s2] 

Briefly, H9 ESCs were cultured in mTeSR1 (Stem Cell Technologies) on 0.4 mg/mL of growth 

factor reduced (GF-) Matrigel (Corning), at 37
 o

 C and 21% oxygen (figure S1A, D0). Before 

starting the hepatic differentiation, H9 ESCs were resuspended using Accutase and passed on 

0.125 mg/mL of GF- Matrigel, in mTeSR1 containing 10µM of the RHO/ROCK Inhibitor Y-27632. 

The day after, H9 ESCs were differentiated into Definitive Endoderm (DE) over 4 days using the 

Definitive Endoderm STEMdiff
TM

 kit (Stem Cell Technologies) (figure S1A, D4). DE cells were then 

passaged 1 in 3 and cultured for 8 days on GF- Matrigel (0.125 mg/mL), in Differentiation 

medium (45% High glucose DMEM, 45% F12 supplement, 10% KOSR, 1 % NEAA, 1% Glutamine, 

1% Penicillin Streptomycin) containing 1% DMSO and 100ng/mL of HGF in order to induce an 

hepatoblast-like phenotype (figure S1A, D12). Cells were then maturated for 3 days in 

Differentiation medium containing 1.10^-7M Dexamethasone, leading to so called Hepatocyte-

like Cells (HLCs) resembling primary human hepatocytes (PHHs) (figure 1A, D15). 

HLCs could be then maintained in culture for at least  3 weeks in Complete WEM medium, 

(William’s E medium, 10% FCS, 1% Penicillin Streptomycin, 1µg/mL human Insulin, 5µg/mL 

Hydrocortisone 21-hemisuccinate, 1.8% DMSO) as described previously.[s2]
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Use of H9 human embryonic stem cells for research purposes was licensed by the German 

Ethics Commission (AZ.3.04.02/0113A).
 

Primary human hepatocytes 

Primary human hepatocytes (PHHs) were prepared as previously reported.[s3] Hepatocytes 

were isolated from donors subjected to partial hepatectomy and were obtained with written 

informed consent approved by the ethics commission of Hannover Medical School (Ethik-

Kommission der MHH, #252-2008). 

 

HCV infection 

The HCV p100 population viral stock was a kind gift from Dr. E. Domingo (Center for Molecular 

Biology “Severo Orchoa”, Madrid, Spain). Jc1 and p100 adapted HCVcc were produced in Huh7.5 

cells (a kind gift from Prof. C.M. Rice, Rockefeller University, New York City, USA) as described 

previously.[s4] 

HLCs at Day 15 of differentiation were inoculated overnight with different M.O.I. of HCVcc Jc1 or 

p100, and then rinsed 3 times with PBS. Fresh Complete WEM medium was then added and 

changed every 2 to 3 days. To confirm the authenticity of HCV replication, some cells were 

cultured in presence of 10µM of the DAAs Telaprevir (a NS3-4A inhibitor) or Daclatasvir (a NS5B 

inhibitor) throughout the infection time course. To assess the effect of the innate immunity on 

HCV replication, HLCs were treated with 10µM of Ruxolitinib (AdipoGen Life Sciences, AG-CR1-

3624), a JAK/STAT pathway inhibitor, for 16 hours before being inoculated with HCVcc. Infected 

cells were then maintained in medium containing 10µM Ruxolitinib, throughout the experiment.  
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HCV RNA RT-qPCR, IFA, Infectious Titer 

Intracellular HCV RNA was quantified from isolated total cellular RNA using a quantitative, 

GAPDH duplexed, one step RT-qPCR protocol using the “Light Cycler 480 RNA Master Hydrolysis 

Probes” kit (Roche), and primers specific for the  5’ UTR region of the JFH isolate (S: 5’-

GGGCATAGAGTGGGTTTATCCA-3’; AS: 5’-TCTGCGGAACCGGTGAGTA-3’; Probe: 5’6FAM-

AAAGGACCCAGTCTTCCCGGCAA-TMR) and GAPDH (S: 5’-GAAGGTGAAGGTCGGAGTC-3’; AS: 5’-

GAAGATGGTGATGGGATTTC-3’; Probe: 5’-LC640-CAAGCTTCCCGTTCTCAGCCT-BBQ). RT-qPCR was 

performed on a LightCycler 480 (Roche), as follow: RT: 63°c, 3 min. Initial denaturation: 95°c, 30 

sec. Amplification: 45 cycles of 95°c, 15 sec and 60°c, 30 sec. cooling: 40°c, 30 sec. 

HCV infection of HLCs could be visualized using the 9E10 anti HCV NS5A monoclonal antibody, 

[s5]
 
provided by Prof. C.M. Rice, diluted 1 in 1000 in PBS 1% BSA 0.1% Triton X100, on cells fixed 

in cold Methanol, permeabilized with 0.5% Triton X100, blocked with PBS 3%BSA, and visualized 

on a IX81 Olympus inverted microscope after DAPI counterstaining. 

Infectious titers were measured in supernatant of inoculated cells, by incubating Huh7.5 cells 

for 3 days with serial dilution of supernatant in complete DMEM medium. Huh7.5 cells were 

then fixed with cold methanol, permeabilized with 0.5% Triton X100, blocked with PBS 3% BSA, 

and infected foci visualized using the 9E10 anti NS5A antibody as explained above.  

Immunostaining & ELISA 

For immunostaining of differentiation markers assessed via fluorescent microscopy, uninfected 

cells were fixed using 3% PFA, permeabilized using 0.5% Triton X100 dissolved in PBS, and 

blocked using PBS 3% BSA. The switched expression from pluripotency marker to DE cells 
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markers was validated by simultaneously staining for OCT4 (Santa Cruz, sc-9081, 1:400), SOX17 

(R&D, AF1924, 1:100) and FOXA2 expression (Santa Cruz, sc-271103, 1:100). Hepatoblasts and 

HLCs were tested for HNF4A (Santa Cruz, sc-6556, 1:100), AFP (Sigma Aldrich, A8452, 1:330), 

and albumin (Cedarlane, CL2513A, 1:330). Expression of the IRGs ISG15 (Santa Cruz, sc-323987, 

1:100), IFIT1 (Santa Cruz, sc-134948, 1:100) and IRF3 (Cell Signaling, #11904, 1:400) were also 

assessed by immunofluorescent assay (IFA) on HLCs, with the only difference than infected HLCs 

were first fixed with Cold Methanol instead of 3% PFA. All antibody incubations were performed 

in PBS 0.1% Triton X100 1% BSA, and cells were counterstained with DAPI (1/10000) before 

image acquisition on a IX81 Olympus inverted microscope 

Albumin secretion was quantified in supernatants using the Human Albumin ELISA Quantitation 

Set (Bethyl Laboratories, E80-129). Production of lipoproteins by HLCs were assessed by 

measuring secretion of the apolipoproteins ApoB (Mabtech, 3715-1A-20) and ApoE (Mabtech, 

3712-1H-20) in the supernatant of HLCs. ELISA assays were performed according to the 

manufacturer’s instruction. 

CYP3A4 metabolic assay 

CYP3A4 activity in HLCs was assessed using the Luciferin-IPA P450-Glo Assay (Promega), an 

assay only moderately affected by the DMSO present in the WEM HLCs culture medium, 

following the manufacturer’s instructions. Briefly, cells were incubated at 37°c for 1 or 2 hours 

with 3µM of the Luciferin-IPA CYP3A4 substrate. Luciferin produced by conversion of the 

substrate by the CYP450 was then measured in the culture medium. 

Innate immunity induction by IFN and Poly IC 
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HLCs were treated for 24 hours with 1000 IU/mL of IFN2b. For poly(I:C) stimulation, cells were 

incubated for 24 hours with 1µg/mL of poly(I:C), with or without prior mixing with lipofectamine 

2000 (2µl Lipofectamine 2000 per 1µg Poly(I:C), 15 minutes at RT in OptiMEM). After 24h, cells 

were lysed and total RNAs were isolated according to the manufacturer’s instructions using the 

NucleoSpin RNA kit (Macherey-Nagel). Supernatants were collected for IFN bioactivity assay. 

RT-qPCR 

Total cellular RNA was isolated according to manufacturer's instructions using the NucleoSpin 

RNA kit (Macherey-Nagel). 200 ng of total RNA was then reverse transcribed using the Takara 

Reverse Transcription (RT) kit. 100ng of cDNA per reaction were used for quantification using 

Takara’s SYBR Premix Ex Taq II according to the manufacturers’ instructions. Samples were then 

run on a Light Cycler 480 (Roche). Relative expression was calculated following the 2
-CT

 

methods, as described in Livak et al.[s6] Primers used in our study: 

 

IFN 
S GCTTTACTGATGGTCCTGGTGGTG 

AS GAGATTCTGCTCATTTGTGCCAG 

IFN 
S ATGACCAACAAGTGTCTCCTCC 

AS GGAATCCAAGCAAGTTGTAGCTC 

IFN2-3 

IL28 

S CTTTAAGAGGGCCAAAGATGC 

AS CCAGCTCAGCCTCCAAAG 

IFN1 

IL29 

S TTCCAAGCCCACCACAAC 

AS TCCCTCACCTGGAGAAGC 

ISG15 
S CGCAGATCACCCAGAAGATCG 

AS TTCGTCGCATTTGTCCACCA 

MAVS 
S CAGGCCGAGCCTATCATCTG 

AS GGGCTTTGAGCTAGTTGGCA 

MDA5 
S TCGAATGGGTATTCCACAGACG 

AS GTGGCGACTGTCCTCTGAA 
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MXA 
S GTTTCCGAAGTGGACATCGCA 

AS CTGCACAGGTTGTTCTCAGC 

RIG-I 
S CTGGACCCTACCTACATCCTG 

AS GGCATCCAAAAAGCCACGG 

AFP 
S GCAGCCAAAGTGAAGAGG 

AS TGTTGCTGCCTTTGTTTG 

ALB 
S GGCACAATGAAGTGGGTAAC 

AS AGGCAATCAACACCAAGG 

CYP3A4 
S CCTTACATATACACACCCTTTG 

AS GGTTGAAGAAGTCCTCCTAAGCT 

GAPDH 
S GAAGGTGAAGGTCGGAGTC 

AS GAAGATGGTGATGGGATTTC 

 

IFN bioactivity assay 

The secreted type I and III IFN bioactivity was quantified by incubating the reporter cell line 

HL116 that carries the luciferase gene under the control of the IFN-inducible 6-16 promoter[s7] 

with diluted supernatant of HLCs. A standard curve was calculated using serial dilution of 

IFN2b (Roferon) to transform reporter signals to international units of IFN activity.  

siRNA and IFNAR neutralization assay 

siRNA against human STAT1 and STAT2 were obtained from Ambion. One day before infection, 

HLCs were transfected with 3µl RNAi MAX Lipofectamine and 20pmol of siRNA (40µM final) per 

well of a 24 well plate, following the manufacturer’s instructions. Transfection was then 

repeated on infected cells at day 2, 4 and 7pi. 

Target Ambion ID Sequence 

Human STAT1 s279 UCCGCAACUAUAGUGAACCdAdG 

Human STAT2 s13528 UUAGAGACCACAAUGAGCCdTdG 
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The day before HCV inoculation, HLCs were incubated with 5, 10 and 20 µg/ml of Mouse Mab 

against human IFN Alpha/Beta Receptor (PBL Assay Science, 21385-1). After adding HCV input 

overnight, cells were rinsed and new Complete WEM medium was added without neutralizing 

Ab. 

RNA-seq and pathway analyses 

Transcriptomic analyses were performed in duplicate or triplicate. Total cellular RNA quality 

assessment was achieved using an Agilent Bioanalyser and 500ng were used to generate a RNA 

sequencing library with ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre, Illumina). The 

sequencing was performed on an Illumina HiSeq2500 machine (Illumina). Transcriptomic 

analyses were performed using CLC Genomics Workbench (Qiagen, Aarhaus). Generated Fastq 

files were mapped against the hg19 human reference genome with annotated gene and mRNA 

tracks. Gene expression was calculated for individual transcripts as reads per kilobase per 

million bases mapped (RPKM). When rank ordering cellular gene expression profiles, 

mitochondrially encoded transcripts were omitted from the analyses.  

All raw and processed files can be found online at https://www.ncbi.nlm.nih.gov/geo/, using the 

GEO accession code GSE132606 for SC and HLCs related RNA-seq and GSE132548 for Huh-7.5 and PHHs 

related works. Pathway enrichment analyses were performed on the list of the top 1000 most 

upregulated genes compared to non-infected cells, using STRING v11 (https://string-db.org/),[s8] 

and the Gene Ontology (GO) Enrichment Analysis tool (http://geneontology.org/).[s9,s10]
 

Type III IFN SNPs sequencing 
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Genomic DNA was isolated from H9ESC using the DNeasy Blood & Tissue Kit (Qiagen), following 

the manufacturer’s instructions. Specific portions of the IL28B gene carrying SNPs of interest 

were amplified using 0.5µM of specific primers (see table below) and the Hot Start Taq 

Polymerase kit (Qiagen) following the manufacturer’s instructions. PCR Run was performed 0n a 

T100 Thermocycler (Biorad) as follow: 15 min at 95°c; 40 cycles of 30 sec at 95°c, 30 sec at 

specific annealing temperature (see table below), 30 sec at 72°c; 10 min at 72°c. Amplification 

was confirmed on a 1% agarose gel, and genotypes determined by Sanger sequencing. 

rs12979860 
S GATTCCTGGACGTGGATG Annealing temperature 

AS GCTCAGGGTCAATCACAGAAG 58°c 

rs8099917 
S TCACCATCCTCCTCTCATCC Annealing temperature 

AS TGCTGGGCCCTAACTGATAC 60°c 

rs368234815 
S GTGCCTTCACGCTCCGAGCA Annealing temperature 

AS TCCCTCAGCGCCTTGGCA 62°c 

rs117648444 
S GCTCAGGGTCAATCACAGAAG Annealing temperature 

AS GGACGAGAGGGCGTTAGAG 60°c 

 

Statistics 

Statistical analyses were performed in Microsoft Excel 2010 and GraphPad Prism software. In 

vitro data are expressed as average of 3 to 5 independent experiments, and 2-tailed Student's t-

test or 2-way ANOVA were performed to assess statistical significance. A p-value <0.05 was 

considered significant (*), a p-value <0.01 highly significant (**). Correlation was evaluated 

using Pearson correlation coefficient. Pathway analysis p-values were calculated with Bonferroni 

correction. 
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SUPPLEMENTARY FIGURES 

 

Figure S1: Hepatic differentiation of human pluripotent stem cells. (A) Differentiation protocol 

of H9 ESC (SC) into Definitive Endoderm (DE), Hepatoblasts (Hep) and finally Hepatocyte-like 

Cells (HLCs) and their phenotypic characterization by contrast phase and fluorescent microscopy 

at the different stages of differentiation, compared to primary culture of adult hepatocytes 

(PHHs). (B) ELISA for human ALB secreted at different steps of differentiation and maintenance 

of HLCs. Means of >10 biological replicates and standard deviation are shown. (C-E) RNA-seq 

analysis throughout differentiation of: (C) pluripotency markers, (D) definitive endoderm 

associated genes and (E) hepatocyte associated genes compared to PHHs and Huh7.5. A RPKM 

value of 0.5 is considered a threshold for tissue specific gene expression. Crosses represent 

genes not detected by RNA-seq. RNA-seq data repository available with GEO accession code 

GSE132606. 
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Figure S2: Immunofluorescence and RNA-seq monitoring of hepatic differentiation. (A) 

Immunostaining and (B) RPKM values for pluripotency marker POU5F1/OCT4, definitive 

endoderm markers SOX17 and FOXA2, and hepatic markers AFP, HNF4A and ALB at different 

stages of differentiation compared to PHHs show correlation between RNA-seq and protein 

expression. (C) Top 28 expressed transcripts in HLCs after 6 days of maturation in WEM medium 

(D21) and their respective expression of ranking in PHHs confirm strong hepatic phenotype of 

the HLCs. Green highlights indicate genes specifically associated with hepatocytes metabolism. 

(D) RPKM ranking of HLC expressed transcripts at the time of HCV infection, highlighting 

selected hepatic markers and HCV entry factors, confirms the a priori permissiveness of HLCs to 

HCV. (E) RPKM analysis for endodermal pancreatic markers (grey means below the threshold of 

RPKM=0.5 above which a gene is considered tissue specific; crosses indicate no transcript mRNA 

detected) throughout differentiation compared to hepatic markers AFP, HNF4A and ALB (color) 

confirms the specificity of our hepatic differentiation protocol.  
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Figure S4: Characterization of innate immunity in HLCs. HLCs were incubated for 24 h with 

(Poly(I:C)) or transfected with Poly(I:C) (Lipofectamine), treated with 1,000 IU/mL IFN2B, or 

left untreated (Ctrl). (A) Cells were fixed and stained with an IRF3-specific antibody (red), 

revealing nuclear translocation of IRF3 only after Poly(I:C) transfection. Nuclear DNA was 

counterstained with DAPI (blue). (B) Total RNA was extracted, and mRNA expression of IFNs was 

examined by qRT-PCR and expressed relative to the GAPDH mRNA. Type I and III IFNs were 

significantly up-regulated upon Poly(I:C) transfection, with IFN-s being expressed at a higher 

level than IFN- and -, suggesting that they are the main IFNs expressed by HLCs upon PRRs 

triggering. (C) Secretion of IFNs was monitored by using an IFN-responsive reporter cell line. (D) 

HLCs were mock-treated or supplemented with 1000IU/mL IFN2B, Poly(I:C) or Lipofectamine +  

Poly(I:C), in the presence or absence of Ruxolitinib (JSi). 24h later, total RNA of these cells was 

extracted, mRNA expression of selected genes was quantified and expressed as fold difference 

to mock treated cells. The IRGs RIG-I, MDA5, MXA and ISG15, but not the non-IRG MAVS were 

upregulated upon treatment with IFN2B and upon transfection of Poly(I:C). For panel B-D, 

mean values of 3 replicates and the standard deviation are given. Statistics are calculated 

compared to ctrl cells. Statistical significance: *: p <0.05; **: p <0.01. (E) Immunostaining for 

IRGs ISG15 and IFIT1 (green) and hepatic markers (red) in untreated HLCs or HLCs treated with 

IFNα2B. Nuclear DNA was counterstained with DAPI (blue). Quantification of the mean 

fluorescent intensity (MFI) of the IRGs’ staining is given. Statistical significance: *: p <0.05; **: p 

<0.01. 
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Figure S5: Susceptibility of HLCs to the cell culture adapted p100 HCV virus population,[29-30] 

and its parent, the Gt2a chimera Jc1-HCVcc. HLCs were inoculated with Jc1 or p100 (MOI: 5 or 1, 

respectively). (A) Comparison of intracellular HCV RNA (quantified by qRT-PCR, left panel) and 

infectious virus production (right panel). Despite a lower MOI (MOI: 1 vs 5), p100 infection 

yielded ca. 50-fold greater intracellular RNA at 4 days post inoculation (dpi). Moreover, Jc1 

infection yielded only very low infectious titers,[12] while p100 consistently reached peak 

infectious titers between 100 – 1,000-fold higher(10
3
-10

4
 FFU/mL) on d4pi. Mean values of 3 

replicates and the standard deviation are given. (B) Treatment of p100-inoculated HLCs with 

100µM of Telaprevir (DAA) or Ruxolitinib (JSi). Treatment with Telaprevir (blue) showed only a 

modest effect on intracellular p100 HCV RNA, possibly due to high stability of viral input RNA 

from the initial inoculum. In contrast, Telaprevir completely abrogated infectious virus 

production, confirming that infectious virus production depends on viral RNA replication and 

highlighting infectivity titration as a highly specific and quantitative readout for p100 infection 

of HLCs. Treatment with Ruxolitinib (green) led to 5 to 10-fold higher intracellular HCV RNA copy 

numbers within the 2
nd

 week pi, and allowed higher infectious titers, reaching up to 10
5
 FFU/mL. 

(C) Ruxolitinib treatment only slightly enhanced Jc1 virus production in HLCs, but to level much 

lower than in p100 infected HLCs. (D) Visualization of p100 infected HLCs using the 9E10 

monoclonal antibody against HCV NS5A. Ruxolitinib-treated HLCs also supported spreading of 

p100. 
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Figure S6: p100 HCV infection of HLCs. (A) DAAs abrogate effect of Ruxolitinib on HCV 

replication in HLCs. Intracellular HCV RNA quantification in HLCs infected with p100 HCVcc and 

treated with 10µM JSi and/or 10µM Telaprevir assessed by qRT-PCR. Quantification of 

intracellular HCV RNA in HCV infected, DAAs treated cells shows level of non-replicating HCV in 

the cells, suggesting that qRT-PCR is not a good readout method to assess permissivity of HLCs 

to HCV. (B) Infectious titer in supernatants of p100 HCVcc inoculated HLCs, treated with 10µM 

JSi, Telaprevir (TEL) and/or Daclatasvir (DAC), shows total inhibition of production of infectious 

progeny viruses upon treatment with DAAs. (C) IFIT1 protein expression upon HCV infection 

with or without JSi treatment. Quantification of the mean fluorescent intensity (MFI) of the IRGs’ 

staining is given. Statistical significance: *: p<0.05; **: p<0.01. 
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Figure S9: Pathway analyses were performed on the top 1000 most upregulated genes 

compared to non infected cells, using STRING and the Gene Ontology (GO) Enrichment Analysis 

tool. (A) Upon HCV infection of HLCs, the STRING network displays one prominent cluster, 

highlighted in cyan, containing IRGs and representing the induction of the innate immune 

response and IFN pathway. In presence of the JAK/STAT Inhibitor Ruxolitinib (B, JSi), or the 

direct antiviral agent Telaprevir (C, DAA), this cluster is disrupted. A similar cluster of innate 

immune actors can be visualized in infected PHHs (D), but not in infected Huh-7.5 (E). (F) List of 

enriched Gene Ontology (GO) pathways in infected HLCs, PHHs and Huh-7.5, calculated using 

the GO Enrichment Analysis tool. Histograms illustrate p-value calculated with Bonferroni 

correction. Dotted line indicates p-value of 0.05. More info concerning the GO pathway analyses 

can be found in Table S2. 
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Figure S10: RNA-seq analysis of HLC innate immune responses. (A) Fold change of expression of 

417 analyzed IRGs in p100 infected HLCs (HCV), with or without treatment with 10µM JAK/STAT 

inhibitor Ruxolitinib (JSI) or Telaprevir (DAA), relative to uninfected HLCs (NINF). Results are 

expressed as log10 fold change in RPKM compared to uninfected HLCs. (B) Fold induction of 

selected IRGs upon HLCs infection in absence (red) or presence of Ruxolitinib (green), illustrating 

STA1- independent IRGs. Detailed RPKM values can be found in Table S4. 
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Figure S12: Type III IFN genotype sequencing on genomic DNA isolated from H9ESC. Specific 

portion of the type III IFN gene were amplified by PCR and sent for Sanger sequencing, revealing 

genotypes for the SNPs rs12979860(C/T), rs368234815(TT,G), rs8099917(T/G) and 

rs117648444(C/T). H9ESC are homologous for the non-favorable rs12979860(C/T) T allele, [s11] 

and heterologous for the rs8099917(T/G) SNP, with the T protective allele believed to improve 

IFNL3 stability. Interestingly, their rs368234815(TT/G) SNP is homologous for the non-

favorable G allele,[s12] which leads to the expression of IFNL4, one of these alleles also 

carrying a P70S substitution (rs117648444(C/T)) [s13] associated with IFNL4 exhibiting altered 

antiviral activity. 
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