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Abstract
Early, vigorous intrahepatic induction of interferon (IFN)-stimulated gene (ISG) induction is a
feature of hepatitis C virus (HCV) infection, even though HCV inhibits the induction of type I
IFNs in vitro. To identify the cytokines and cells that drive ISG induction and mediate antiviral
activity during acute HCV infection, type I and III IFN responses were studied in (1) serial liver
biopsies and plasma samples obtained from 6 chimpanzees throughout acute HCV infection and
(2) primary human hepatocyte (PHH) cultures upon HCV infection. Type I IFNs were minimally
induced at the messenger RNA (mRNA) level in the liver and were undetectable at the protein
level in plasma during acute HCV infection of chimpanzees. In contrast, type III IFNs, in
particular, interleukin (IL)-29 mRNA and protein, were strongly induced and these levels
correlated with ISG expression and viremia. However, there was no association between
intrahepatic or peripheral type III IFN levels and the outcome of acute HCV infection. Infection of
PHH with HCV recapitulated strong type III and weak type I IFN responses. Supernatants from
HCV-infected PHH cultures mediated antiviral activity upon transfer to HCV-replicon–containing
cells. This effect was significantly reduced by neutralization of type III IFNs and less by
neutralization of type I IFNs. Furthermore, IL-29 production by HCV-infected PHH occurred
independently from type I IFN signaling and was not enhanced by the presence of plasmacytoid
dendritic cells.

Conclusion—Hepatocyte-derived type III IFNs contribute to ISG induction and antiviral
activity, but are not the principal determinant of the outcome of HCV infection.

HCV poses a significant health problem, with more than 170 million chronically infected
people worldwide.1 Treatment is based on interferon (IFN)-α in combination with ribavirin
and direct antiviral agents,2 but the role of IFN-α and other IFNs in the spontaneous
outcome of infection is unclear.
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Type I IFNs (13 IFN-α proteins plus IFN-β, IFN-ε, IFN-κ, and IFN-ϖ) form the frontline of
innate host defenses by inducing an antiviral state in infected and neighboring cells, and by
modulating adaptive immune responses directly and by the induction of IFN-stimulated
genes ISGs.3 Whereas ISGs are strongly induced during HCV infection,4,5 neither the ISG-
inducing cyto-kines nor their cellular sources have been defined. HCV has been shown to
interfere with Toll-like receptor (TLR)3- and retinoic-acid–inducible gene (RIG) I–mediated
induction of IFN-β and with Janus kinase/signal transducer and activator of transcription
(JAK-STAT) signaling downstream of the IFN-α/β receptor,6 thus reducing IFN-α/β
production to levels that are undetectable in HCV-infected patients. In vitro studies suggest
that plasmacytoid dendritic cells (pDCs) may be the source of the ISG-inducing type I
IFNs,7 but the role of pDCs has not been studied in the HCV-infected liver.

In this context, type III IFNs have become of interest. This family is composed of
interleuking (IL)-29, IL-28A, and IL-28B, and induced in response to several viral
pathogens.8 Although signaling by the JAK-STAT pathway is shared with type I IFNs and
similar sets of ISGs are induced,9 receptors for type III IFNs are distinct from those for type
I IFNs10 and are expressed in a cell-type–specific manner.11 In the liver, type III IFN
receptors are expressed at significant levels as a functional full-length form,10,11 suggesting
intact type III IFN signaling as part of the intrahepatic innate immune response.
Furthermore, single nucleotide polymorphisms (SNPs) near and within IL28B are strong
predictive markers for spontaneous, treatment-induced HCV clearance,12–15 suggesting that
variations in type III IFN expression or function affect the outcome of HCV infection. In
this context, Langhans et al. reported that IL-29 serum levels do not differ between patients
with acute HCV infection and healthy controls, but that they are lower in chronically
infected patients.16 Whereas recombinant type III IFNs are known to suppress HCV
replication in vitro,17–19 their expression level in the liver has never been studied
prospectively during acute HCV infection. Thus, the relative antiviral effect of
endogenously produced type I and type III IFNs is not known.

Chimpanzees constitute the sole animal model for HCV infection and recapitulate many
features of the human immune responses to HCV. To examine the role of IFNs in acute
HCV infection, we studied the expression of type I (IFN-β and IFN-α2) and III (IL28-A/B
and IL-29) IFNs in relation to ISGs and viremia using serial liver biopsies and plasma
samples throughout the first 6 months of HCV infection. To further evaluate the HCV-
induced IFN profile, we infected primary human hepatocytes (PHHs) with HCV in the
presence and absence of pDCs, identified the induced IFNs and the requirements for their
induction, and studied their antiviral potency relative to their expression level.

Materials and Methods
Chimpanzees and HCV Challenge

Chimpanzees were intravenously (IV) inoculated with 100 chimpanzee infectious dose 50
HCV (H77 strain) and studied under standard conditions for humane care, in compliance
with National Institutes of Health guidelines, at an Association for Assessment and
Accreditation of Animal Care accredited facility under a protocol approved by the New
Iberia Research Center Animal Care and Use Committee. The clinical and virologic course
of HCV infection were described previously.20,21 Liver biopsies and plasma were cryopre-
served for the present study.

HCV Infection and Polyinosinic/Polycytidylic Acid Transfection of PHH
The purity of PHH (Invitrogen, Carlsbad, CA and Celsis, Chicago, IL) was confirmed by
intracellular staining with anti-albumin (clone 2F11; Sigma-Aldrich, St. Louis, MO),
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followed by staining with anti-mouse immunoglobulin G-phycoerythrin (Invitrogen),
treatment with 10% mouse serum (Innovative Research, Southfield, MI), staining with
ethidium monoazide (EMA; Sigma-Aldrich), anti-CD14-Pacific Blue (clone M5E2), anti-
CD45RA-fluorescein isothio-cyanate (FITC) (clone HI100), anti-CD45RO-FITC (clone
UCHL1), anti-CD11c-allophycocyanin (clone B-ly6), and anti-CD16-PE-cyanine 5 (clone
3G8; all from BD Biosciences, Bedford, MA) and analysis on an LSRII flow cytometer (BD
Biosciences). Hepatocytes constituted >95% and EMA-CD16-CD45+ hematopoietic cells
<0.4% of the cells. Of the latter, 85% were CD14+ and 18.6% were CD11c+ .

PHHs shipped in plates were incubated with InVitroGRO HI medium (Celsis) for 4 hours at
37° C (5% CO2), followed by polyinosinic/polycytidylic acid (polyI:C) transfection or HCV
infection, as described below.

PHHs shipped in suspension were centrifuged at 50×g for 5 minutes, incubated in
InVitroGRO CP medium (Celsis) in 12- (7 × 105/well) or 24-well (3.5 × 105/well) plates
overnight, and transfected with 5 μg of polyI:C (InvivoGen, San Diego, CA) and 6.4 μL of
Lipofectamine 2000 in Opti-MEM medium (Invitrogen), or infected with HCV (Japanese
fulminant hepatitis type I [JFH-1] strain)22 at a multiplicity of infection (MOI) of 0.4–2.7.
After 3–6 hours, culture medium was replaced with InVitroGRO HI including Torpedo
antibiotic mix (Celsis).

In some experiments, PHHs were incubated 30 minutes before HCV infection with
neutralizing antibodies (Abs) against type I IFNs (10 μg/mL each of anti-IFN-α [clone
MMHA-2; PBL Interferon Source, Piscataway, NJ] and polyclonal anti-IFN-β [R&D
Systems, Minneapolis, MN]) or type III IFNs (10 μg/ mL each of polyclonal anti-IL-29,
polyclonal anti-IL-28A, and anti-IL-29/IL-28B [clone 247801;, R&D Systems]).

Extraction of RNA, Complementary DNA synthesis, and Quantitative Polymerase Chain
Reaction

Total RNA was isolated from snap-frozen, mechanically homogenized liver biopsies or from
PHH using the RNeasy Mini Kit (Qiagen, Valencia, CA) with on-column DNase digestion.

A complementary DNA (cDNA) equivalent to 20–80 ng of total RNA, generated with the
Monster-Script 1st-Strand cDNA Synthesis Kit (EPICENTRE Biotechnologies, Madison,
WI), was used to determine IFN-induced protein with tetratricopeptide repeats 1 (IFIT1),
myxovirus resistance 1 (MX1), chemokine (C-X-C motif) ligand (CXCL)10, CXCL11, IFN-
α2, IFN-β, IL-29, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and proteasome
subunit, beta type, 4 (PSMB4) messenger RNA (mRNA) levels with pre-designed human
TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA). Because IL28A
and IL28B share 98% of their nucleotide sequence, their mRNA levels were quantitated
with shared forward primer 5′-TGAGGCAGCTGCAGGTGA-3′, reverse primer 5′-
CTCCAGAACCTTCAGCGTCAG-3′, and probe 5′-FAM-TGGCTTTGGAGGCTGA-
MGB-3′ designed with Primer Express (Applied Biosystems). The specific mRNA amount
was quantitated using comparative cycle threshold values and 1–107 copies/well standard
curves, and normalized to mean GAPDH and PSMB4 mRNA levels. Relative mRNA levels
represent fold-increase over pre-infection or pre-transfection samples.

For HCV RNA quantitation, we used TaqMan EZ RTPCR Core Reagents (Applied
Biosystems) and forward primer 5′-CGGGAGAGCCATAGTGG-3′, reverse primer
5′AGTACCACAAGGCCTTTCG-3′, and probe 5′-FAM-CTGCGGAACCGGTGAGTA
CAC -TAMRA-3′ (Sigma-Aldrich). RT-PCR conditions are 2 minutes at 50° C, 30 minutes
at 60° C, 5 minutes at 95° C, followed by 50 cycles at 95° C for 20 seconds and at 60° C for
1 minute. HCV RNA levels were normalized to microgram of total input RNA.
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Enzyme-Linked Immunosorbent Assay
IFN-α and IFN-β (PBL Interferon Source, Piscataway, NJ), IL-28A, CXCL10, and
CXCL11 (R&D Systems), and IL-29 (eBioscience, San Diego, CA) enzyme-linked
immunosorbent assays (ELISAs) were used to quantitate cytokines in chimpanzee plasma or
PHH culture supernatants. IL-28A exhibited 30% cross-reactivity with IL-28B.

Antiviral Activity Assay
Huh7-Lunet cells harboring a subgenomic, luciferase-expressing HCV JFH-1 replicon (Luc-
ubi-neo/JFH-1 cells,23 here designated Huh7-HCV-Luc cells) were treated for 30 hours with
the indicated amounts of recombinant IL-29, IL-28A, IL-28B (R&D Systems), IFN-αA2,
and IFN-β (PBL Interferon Source) or with 72-hour supernatants from HCV-infected PHH.
Luciferase activity was measured with the Luciferase Assay System (Promega, Madison,
WI) using a POLARstar Omega instrument (BMG Labtech, Cary, NC). For some
experiments, the neutralizing Abs to type I or III IFNs described above were added to either
(1) supernatants from HCV-infected PHH that had been treated with the same neutralizing
Abs or (2) recombinant cytokines, 30 minutes before adding the mixture to Huh7-HCV-Luc
cells.

Isolation of pDCs and Coculture With PHH
Peripheral blood mononuclear cells were isolated from buffy coats, using density gradient
centrifugation, and pDCs were selected with BDCA-4 magnetic beads (Miltenyi Biotec,
Auburn, CA). Purity of CD123+ BDCA2+ pDCs was 86%–95% by flow cytometry. PHHs
(3 × 105/well) were infected with HCV JFH-1 at an MOI of 2 in a 24-well plate for 30
hours, followed by removal of culture supernatants and the addition of 3 × 104 pDCs/200
μL directly or into a transwell. The total coculture volume was 500 μL/ well. Released IFN-
α, IL-29, CXCL10, and CXCL11 were quantitated after 24 hours by ELISA.

Genotyping
DNA samples of 90 chimpanzees, including the 6 of this study, were genotyped by Sanger
sequencing with primers, designed by Primer Express software to flank human SNPs
associated with HCV-related traits12–15 (Table 1). Cleaned polymerase chain reaction (PCR)
products were sequenced on a 3730 Automatic Sequencer (Applied Biosystems). Genetic
variants were analyzed in relation to human sequences using Sequencher 4.1 software.

Results
Rapid Induction of ISGs in the Liver During Acute HCV Infection

Six chimpanzees were intravenously infected with HCV and developed acute hepatitis,
which was self-limited for chimpanzees 97A009, 97A014, and 98A005 and chronically
evolving for chimpanzees 97A015, 98A002, and A3A025 (Fig. 1A).20,21 Qualitative nested
reverse-transcription (RT)-PCR (for chimpanzee A3A025) and transcription-mediated
amplification (TMA) assays (for the other chimpanzees) confirmed that HCV was cleared
from the blood of chimpanzees with self-limited, but not chronic infection.

HCV infection rapidly induced the ISGs IFIT1, MX1, and CXCL11 in the livers of all
chimpanzees (Fig. 1B–D), and ISG expression kinetics correlated with viremia. The
induction of CXCL11, a T-cell-recruiting chemokine, was slightly delayed, compared with
IFIT1 and MX1, and immediately followed by the peak in alanine aminotransferase (ALT)
activity, which is attributed to T-cell-induced liver injury in this model.21 Consistent with
previous microarrays,4,5 intrahepatic ISGs were induced regardless of infection outcome.
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Minimal Type I IFN, but Robust Type III IFN Induction in Liver and Blood During Acute HCV
Infection

To identify factors that trigger intrahepatic ISG expression during acute HCV infection, we
analyzed serial liver and plasma samples for type I and III IFNs. Both IFN-α2 and IFN-β
were minimally induced at the RNA level in liver (1.6 to 3.3-fold induction of IFN-α2 and
1.2- to 3.6-fold induction of IFN-β; Fig. 2B) and remained undetectable in plasma (not
shown).

Intrahepatic IL-28 mRNA levels peaked as early as week 4 postinfection (chimpanzee
97A015), but relative induction levels varied widely (1.5- to 24-fold induction, compared
with preinfection levels; Fig. 2C). This was mirrored by peak IL-28 protein levels of 600 pg/
mL in plasma of chimpanzee 97A009 and no induction in chimpanzee A3A025. In contrast,
intrahepatic IL-29 mRNA levels were more consistently and more strongly induced in all
chimpanzees, reaching 33- to 53-fold induction, compared with preinfection levels (Fig.
2D). Likewise, IL-29 was detectable in plasma of all chimpanzees. Peak IL-29 protein levels
in blood followed peak mRNA levels in liver in all chimpanzees, except A3A025 (which
had a higher baseline level), suggesting the liver as the main source of IL-29 during HCV
infection.

To examine whether variations in IL-28 expression were related to SNPs in the IL28B gene
region that predict spontaneous and treatment-induced HCV clearance in humans,12–15

genomic DNA was sequenced. All 6 chimpanzees displayed invariable sequences that
combined the human risk allele for chronic outcome of HCV infection in rs12979860,
rs12980275, rs8103142, and rs11881222 with the nonrisk allele in rs8099917. These results,
which were confirmed for a larger cohort of 90 chimpanzees (Table 1), indicate that these
five IL28B SNPs are specific to humans.

Collectively, the results show that intrahepatic ISG induction correlated with a strong type
III, but not type I IFN response. Type III IFN levels were independent of the known human
IL28B SNPs and did not predict the outcome of HCV infection.

ISG Response of PHH to polyI:C and HCV is Associated With Weak Type I IFN, But Strong
Type III IFN Induction

To determine the cellular source of ISGs and IFNs, we asked whether the ISG as well as
type I and III IFN expression profiles that we observed in vivo could be recapitulated in
vitro in PHH cultures. PHHs were first transfected with polyI:C to mimic intracellular viral
RNA. MX1 and IFIT1 mRNA levels significantly increased 6 hours, and peaked 24 hours,
after transfection. As observed in vivo in the HCV-infected liver, CXCL10 and CXCL11
mRNA and protein levels peaked later (i.e., 48 hours after polyI:C transfection; Fig. 3A,B).
Furthermore, consistent with in vivo results, type III IFNs were induced to significantly
higher mRNA (Fig. 3C) and protein levels (Fig. 3D) than type I IFNs.

Next, we infected PHH with HCV and investigated ISG induction in relation to type I and
III IFN expression. IFIT1, MX1, CXCL10, and CXCL11 mRNA levels peaked 48 hours,
and CXCL10 and CXCL11 protein levels peaked 72 hours after HCV infection (Fig. 4A,B).
Type I IFN mRNA was induced less than 100-fold (Fig. 4C), IFN-β protein levels remained
below 4 pg/mL, and IFN-α protein was undetectable (Fig. 4D). In contrast, IL-28 and IL-29
peaked to significantly higher mRNA levels within 24–48 hours and protein levels reached
up to 250 pg/mL 72 hours after HCV infection (Fig. 4C–D). Variations in ISG and IFN
responses among donors did not correlate with HCV RNA levels in PHH cultures (Fig. 4E,F
and Supporting Fig. 1) nor with IL28B SNPs (Supporting Fig. 2). Overall, our results
demonstrate that transfection of PHH with double-stranded RNA (dsRNA) and infection
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with HCV reproduced the ISG and IFN expression profile that we observed in the liver
during acute HCV infection.

Type III IFNs Produced by HCV-Infected PHH Inhibit HCV replication
To study the functional relevance of the strong type III IFN response during HCV infection,
we examined its effect on HCV replication using Huh7-Lunet cells with a subgenomic HCV
luciferase replicon as a readout.23 Recombinant type I (500 pg/mL) and type III IFNs (100
ng/mL) inhibited HCV replication by more than 90%, and this inhibition was almost
completely abrogated by cytokine-specific neutralizing Abs (Fig. 5A). IL-29, IL-28A, and
IL-28B showed 50% inhibition of HCV replication at 200–500 pg/mL (Fig. 5B), which is
the maximum amount of type III IFNs that PHH produced 72 hours postinfection (Figs. 4D
and 6). Because 50% antiviral activity can also be mediated by very low concentrations of
type I IFNs below the ELISA detection limit, we used an indirect method to further evaluate
the relative effect of type I and III IFNs on HCV replication.

Supernatants from PHH cultures harvested 72 hours post-HCV infection reduced HCV
replication by 50% (Fig. 5C). Whereas neutralization of the supernatant with Abs against
either type I (IFN-α and IFN-β) or III IFNs (IL-28A, IL-28B, and IL-29) significantly
increased HCV replication, neutralization of type III IFNs had a greater effect than
neutralization of type I IFNs (P = 0.0244). This result suggests that type III IFNs contribute
significantly to antiviral activity during HCV infection.

IL-29 Can Be Produced in a Type I IFN-Independent Manner in HCV-Infected Hepatocytes
Experiments with hepatoma cell lines and TLR-stimulated macrophages suggest that type III
IFNs are ISGs themselves and can be induced in a type I IFN-mediated manner.8,24 To
evaluate whether this holds true for HCV-infected PHH, we infected PHH with HCV in the
presence or absence of neutralizing Abs against IFN-α and IFN-β. Whereas IL-28 secretion
decreased in the presence of neutralizing Abs against type I IFNs (P= 0.0078), IL-29
production was not affected in the majority of cultures (P = not significant; Fig. 6). Thus,
IL-29 can be induced independently from type I IFN signaling in HCV-infected hepatocytes.

Production of IL-29 by PHH is Independent of Direct Contact With pDCs
pDCs were recently shown to contribute to the induction of IFN-α and ISGs when
cocultured with HCV-replicating hepatoma cells.7 We therefore asked whether this result
extended to pDCs cocultured with HCV-infected PHH and to the production of type III
IFNs. Less than 0.075% of cells in PHH cultures were CD11c+ (not shown), and IFN-α was
not detected upon HCV infection in this setting (Figs. 4D and 7). The addition of pDCs
induced IFN-α and depended on PHH/ pDC contact because IFN-α production was
substantially reduced when PHHs and pDCs were separated by transwells (Fig. 7B). The
chemokines CXCL10 and CXCL11, which are confirmed ISGs, were produced in HCV-
infected PHH cultures in the absence of pDCs, but their production further increased in the
presence of pDCs in 2 of 3 donors, likely the result of TLR7-dependent7 induction of IFN-
α21 by pDCs. In contrast, IL-29 production was barely changed in PHH/pDC coculture and
was not affected by trans-wells. This suggests that IL-29 was mainly produced by HCV-
infected hepatocytes, rather than by pDCs, in HCV infection.

Discussion
This is the first study to analyze type III IFN levels in serial liver and blood samples during
acute HCV infection. Type III IFNs were robustly induced, both in liver and blood, and their
expression kinetics paralleled viremia and ISG levels. In contrast, type I IFNs were barely
detectable at the RNA level in liver and were undetectable at the protein level in blood.
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Robust type III and minimal type I IFN expression was recapitulated in vitro in HCV-
infected PHH. The strong induction of IL-29, the main type III IFN in the acutely HCV-
infected liver, may be attributed to a type I IFN-independent production, because
neutralization of type I IFNs did not affect IL-29 production in most of the tested PHH
cultures, and because IL-29 production was not further enhanced in the presence of pDCs
that secrete IFN-α when they are in direct contact with HCV-infected PHH.

Type I IFN-independent IL-29 induction likely depends on the promoter structure of the
IL29 gene. Promoter analysis demonstrated that IL-29 and IFN-β expression require both
IFN regulatory factor (IRF)3 and IRF7.25 In contrast, IL-28 and IFN-α depend solely on
IRF725 (i.e., on JAK-STAT signaling downstream of the IFN-β/α receptor). In addition, the
IL-29 promoter displays distinct differences to the IFN-β promoter. Although both
promoters contain spatially separate enhancer regions, namely, an IRF3/7-binding site, and
proximal and distal nuclear factor kappa light-chain enhancer of activated B cells (NF-κB)
binding sites,26 each element in the IL-29 promoter acts independently, whereas those in the
IFN-β promoter work in a highly cooperative manner.27 To further clarify the molecular
mechanism of this type I IFN-independent IL-29 induction, it would therefore be important
to examine the availability of these transcription factors, especially those of the NF-κB
family, in the HCV-infected liver and to determine which enhancer elements preferentially
contribute to the observed induction of IL-29.

Given that recombinant type III IFNs produce an almost identical set of ISGs as type I
IFNs,18,19 the robustly produced type III IFNs may contribute to ISG induction during acute
HCV infection, particularly if type I IFN production is impaired or effective only in a
paracrine manner in close vicinity of pDCs that have direct contact with HCV-infected
hepatocytes. In addition, type III IFNs may contribute to overall antiviral activity. Whereas
recombinant type I and III IFNs are known to have antiviral activity,17–19,28 their relative
effects on replication, based on the respective production levels in HCV infection, are not
known. Culture supernatants of HCV-infected PHH showed a decrease of HCV replication
by approximately 50%, which was the same level of antiviral activity that can be achieved
with 200–500 pg/ mL of recombinant type III IFN proteins, the maximum amount detected
in PHH culture supernatants. This type III IFN concentration was also consistent with the
peak type III IFN level (approximately 550 pg/mL of plasma) in acutely HCV-infected
chimpanzees. However, the antiviral activity in the supernatant of HCV-infected PHH
cultures was only partially, reversed by neutralization of type III IFNs, and neutralization of
type I IFNs had a lesser effect. There are at least two possible explanations. First, the
complexity of HCV-induced ISGs is large and includes not only antiviral, but also proviral
genes, such as ISG15 and ubiquitin-specific peptidase 18, that may be induced in this
setting.29,30 Second, IFN-independent pathways may contribute to antiviral activity.31 The
latter hypothesis is consistent with our in vivo results, where the increase in type III IFNs
mirrored viremia, but was not associated with HCV clearance.

An important final aspect of this study is that all chimpanzees were monomorphic for the
known human IL28B SNPs associated with spontaneous and treatment-induced outcome of
HCV infection.12–15 This implies that human IL28B SNPs developed after the split of the
human and chimpanzee lineages. Although chimpanzees may have other SNPs, our study
shows that type III IFN levels in the liver do not correlate with the spontaneous outcome of
acute HCV infection. In addition, type III IFN levels from HCV-infected PHHs were not
associated with IL28B SNPs. This corroborates a cross-sectional study of chronically HCV-
infected humans in which intrahepatic IL28B mRNA levels were not affected by IL28B
SNPs and not related to treatment-induced HCV clearance.32 Collectively, these data
suggest that the identified IL28B SNPs affect the outcome of HCV infection by other, still to
be determined, mechanisms.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abs antibodies

ALT alanine aminotransferase

APC allophycocyanin

cDNA complementary DNA

CXCL chemokine (C-X-C motif) ligand

dsRNA double-stranded RNA

ELISA enzyme-linked immunosorbent assays

EMA ethidium monoazide

FITC fluorescein isothiocyanate

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HCV hepatitis C virus

IFIT1 IFN-induced protein with tetratricopeptide repeats 1

IFN interferon

IRF IFN regulatory factor

ISG interferon-stimulated genes

IV intravenously

JAK Janus kinase

JFH-1 Japanese fulminant hepatitis type I

MOI multiplicity of infection

mRNA messenger RNA

MX1 myxovirus resistance 1

NF-κB nuclear factor kappa light-chain enhancer of activated B cells

pDCs plasmacytoid dendritic cells

PHH primary human hepatocyte

polyI:C polyinosinic/polycytidylic acid

PSMB4 proteasome subunit, beta type, 4

qPCR quantitative polymerase chain reaction
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RT-PCR reverse-transcription PCR

SNPs single-nucleotide polymorphisms

STAT signal transducer and activator of transcription

TCR Toll-like receptor

TMA transcription-mediated amplification assay
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Fig. 1.
ISG induction in the liver during acute HCV infection parallels viremia. (A) Serum HCV
RNA titers (filled circles) and ALT levels (gray-colored area) were previously reported20,21

and are shown for reference purposes. HCV+ /− above each graph indicates qualitative
nested RT-PCR (for chimpanzee A3A025) and TMA results (for all other chimpanzees).
Presence or absence of viremia was assessed for 77 weeks (not shown) to confirm outcome
of infection. (B–D) Intrahepatic mRNA levels of the ISGs IFIT1 (B), MX1 (C), and
CXCL11 (D), correlate with serum HCV RNA titers.
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Fig. 2.
Type I IFNs are minimally, but type III IFNs are robustly induced during acute HCV
infection. (A) Serum HCV RNA titers (filled circles) and ALT levels (gray-colored area)
were previously reported20,21 and are shown for reference purposes. (B–D) Intrahepatic type
I (B) and III IFN (C) mRNA levels were determined by qPCR, normalized to endogenous
references, and presented as fold-increase over preinfection levels. Type III (D), but not type
I, IFNs (not shown) were detectable by ELISA in plasma.
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Fig. 3.
ISG response of PHH to dsRNA is associated with weak type I, but strong type III IFN
induction. PHHs were trans-fected with polyI:C to mimic intracellular viral RNA. ISG (A)
and IFN mRNA (C) and protein levels (B and D) were determined by qPCR in transfected
cells and by ELISA in culture supernatants. mRNA levels were normalized to endogenous
references and presented as fold-increase over pretrans-fection levels. Mean and standard
error of the mean are shown (A and C).
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Fig. 4.
ISG response of PHH to HCV infection is associated with weak type I, but strong type III
IFN induction. PHHs were infected with HCV at an MOI of 0.4–2.7. ISG mRNA (A) and
protein (B) levels as well as IFN mRNA (C) and protein (D) levels are presented as in Fig.
3. (E and F) HCV RNA levels in PHHs were compared to ISG (E) and IFN levels (F). Mean
and standard error of the mean are shown (A, C, and E).
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Fig. 5.
Type III IFNs produced by HCV-infected PHH inhibit HCV replication. (A) Recombinant
type I (IFN-αA2 and IFN-β; 500 pg/mL) and type III (IL-28A, IL-28B, and IL-29; 100 ng/
mL) IFNs decreased luciferase activity of Huh7-HCV-Luc cells, and this effect was blocked
by Ab-mediated neutralization of the respective cytokines. An isotype control Ab did not
change RLU values (not shown). (B) Recombinant type I and III IFNs mediated a dose-
dependent antiviral effect when added for 30 hours to Huh7-HCV-Luc cells. (C) Supernatant
of HCV-infected PHH, harvested 72 hours postinfection and containing an average of 526
pg/ mL of type III IFN proteins, reduced HCV replication of Huh7-HCV-Luc cells by 50%.
NAbs against IL28A, IL-28B, and IL-29 (type III IFN) reversed antiviral activity to a
significantly greater extent than NAbs against IFN-α and IFN-β (type I IFN; P = 0.0244).
Statistical analysis: mean plus standard error of the mean, paired Wilcoxon’s signed-rank
test. RLU, relative light units; Sup, supernatant; Nabs, neutralizing Abs.
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Fig. 6.
IL-29, but not IL-28, is produced in a type I IFN-independent manner in HCV-infected
hepatocytes. Treatment of PHH before and during HCV infection with NAb against IFN-α
and IFN-β reduced the level of secreted IL-28, but not IL-29, in most PHH cultures.
Statistical analysis: paired Wilcoxon’s signed-rank test. Nab, neutralizing Ab.
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Fig. 7.
Production of IL-29 by PHH is independent of direct contact with pDCs. (A) Experimental
strategy: PHHs were infected with HCV for 30 hours, followed by medium change and a 24-
hour coculture with or without pDCs or transwells. (B) IFN-α secretion depended on direct
contact between pDCs and HCV-infected PHHs. CXCL10 and CXCL11, but not IL-29,
secretion was enhanced by PHH/pDC contact. PHH/ pDC coculture in the absence of HCV
infection did not induce cytokines (not shown). Mean and standard error of the mean are
shown for CXCL10 and CXCL11.

Park et al. Page 17

Hepatology. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Park et al. Page 18

Ta
bl

e 
1

A
na

ly
si

s 
of

 H
um

an
 S

N
Ps

 A
ss

oc
ia

te
d 

W
ith

 H
C

V
-R

el
at

ed
 T

ra
its

rs
12

97
98

60
rs

12
98

02
75

rs
80

99
91

7
rs

81
03

14
2/

rs
11

88
12

22

Pr
im

er
s

 
Fo

rw
ar

d
5′

-A
G

C
T

C
A

G
C

G
C

C
T

C
T

T
C

C
T

-3
′

5′
-G

A
A

T
T

C
T

G
C

C
C

A
T

C
C

A
G

A
G

A
-3
′

5′
-T

C
A

C
C

A
T

C
C

T
C

C
T

C
T

C
A

T
C

C
-3
′

5′
-G

G
G

T
C

A
G

G
A

G
C

T
G

T
C

T
G

G
-3
′

 
R

ev
er

se
5′

-A
G

G
G

A
C

C
G

C
T

A
C

G
T

A
A

G
T

C
A

-3
’

5′
-C

G
A

C
C

T
C

C
T

A
G

G
C

T
C

A
A

G
T

G
 -

3’
5′

-T
G

C
T

G
G

G
C

C
C

T
A

A
C

T
G

A
T

A
C

-3
’

5′
-C

A
T

T
C

C
C

T
C

A
G

C
T

C
C

C
T

-3
′

R
is

k 
al

le
le

T
G

G
C

/G

G
en

ot
yp

e

 
A

ll 
ch

im
pa

nz
ee

s 
(n

 =
 9

0)
T

T
G

G
T

T
C

C
/G

G

PH
H

 d
on

or
s

 
D

on
or

 1
C

T
A

G
T

G
C

T
/A

G

 
D

on
or

 2
C

T
A

G
T

G
C

T
/A

G

 
D

on
or

 3
C

C
A

A
T

T
T

T
/A

A

 
D

on
or

 4
C

T
A

G
T

T
C

T
/A

G

 
D

on
or

 5
C

T
A

G
T

T
C

T
/A

G

 
D

on
or

 6
C

C
A

A
T

T
T

T
/A

A

 
D

on
or

 7
C

T
A

G
T

G
C

T
/A

G

 
D

on
or

 8
C

T
A

G
T

T
C

T
/A

G

 
D

on
or

 9
C

T
A

G
T

G
C

T
/A

G

 
D

on
or

 1
0

C
T

A
G

T
T

C
T

/A
G

 
D

on
or

 1
1

C
C

A
A

T
T

T
T

/A
A

 
D

on
or

 1
2

C
C

A
A

T
T

T
T

/A
A

 
D

on
or

 1
3

C
C

A
A

T
T

T
T

/A
A

 
D

on
or

 1
4

T
T

A
G

T
T

C
T

/A
G

 
D

on
or

 1
5

C
C

A
A

T
T

T
T

/A
A

Hepatology. Author manuscript; available in PMC 2013 December 01.


