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Abstract

BACKGROUND & AIMS—MHC class I-restricted CD8+ T cells are required for clearance of 

hepatitis C virus (HCV) infection. MHC class I expression is upregulated by type I and II 

interferons (IFNs). However, little is known about the effects of HCV infection on IFN-induced 

expression of MHC class I.

METHODS—We used the HCV cell culture system (HCVcc) with the genotype 2a Japanese 

Fulminant Hepatitis-1 strain to investigate IFN-induced expression of MHC class I and its 

regulatory mechanisms. HCVcc-infected Huh-7.5 cells were analyzed by flow cytometry, 

metabolic labeling, immunoprecipitation, and immunoblotting analyses. Protein kinase R (PKR) 

was knocked-down with lentiviruses that express small hairpin (sh)RNAs. The functional effects 
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of MHC class I regulation by HCV were demonstrated in co-culture studies, using HCV-specific 

CD8+ T cells.

RESULTS—Although the baseline level of MHC class I was not affected by HCV infection, 

IFN-induced expression of MHC class I was notably attenuated in HCV-infected cells. This was 

associated with replicating HCV RNA, not with viral protein. HCV infection reduced IFN-induced 

synthesis of MHC class I protein and induced phosphorylation of PKR and eIF2α. IFN-induced 

MHC class I expression was restored by shRNA-mediated knockdown of PKR in HCV-infected 

cells. Co-culture of HCV-specific CD8+ T cells and HCV-infected cells that expressed HLA-A2 

demonstrated that HCV infection reduced the effector functions of HCV-specific CD8+ T cells; 

these functions were restored by shRNA-mediated knockdown of PKR.

CONCLUSIONS—IFN-induced expression of MHC class I is attenuated in HCV-infected cells 

by activation of PKR, which reduces the effector functions of HCV-specific CD8+ T cells. This 

appears to be an important mechanism by which HCV circumvents antiviral adaptive immune 

responses.
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Introduction

Hepatitis C virus (HCV) infects 170 million people worldwide and is a major cause of 

chronic liver disease 1. The majority of HCV-infected patients progress to chronic hepatitis, 

and 20% of chronically infected patients develop long-term complications such as liver 

cirrhosis and hepatocellular carcinoma 2.

HCV-specific CD8+ T cell responses are vital for the successful clearance of HCV 

infection 3–9, which has been highlighted in previous studies from HCV-infected 

chimpanzees 4–7 and patients with acute HCV infection 8, 9.

Major histocompatibility complex (MHC) class I molecules play a key role in the 

recognition of virus-infected cells by CD8+ T cells 10. When cells are infected by virus, viral 

peptides are processed and loaded onto MHC class I molecules. Once a stable viral 

peptide/MHC class I complex has been formed in the endoplasmic reticulum, it is 

transported to the cell surface for presentation to CD8+ T cells 10. When the T cell receptor 

interacts with the peptide/MHC class I complex, CD8+ T cells become activated and exert 

antiviral effector functions.

During viral infections, type I and III interferons (IFNs) are produced by infected cells and 

dendritic cells 11, 12, and type II IFN (IFN-γ) is produced by natural killer (NK) cells and T 

cells 13. The IFNs direct antiviral as well as immunomodulatory functions. In addition, IFNs 

upregulate MHC class I expression, which allows CD8+ T cells to more efficiently 

recognize MHC class I-upregulated, virus-infected cells.

Many viruses have developed specialized mechanisms that decrease MHC class I expression 

to escape CD8+ T cell responses; for example, cytomegalovirus (CMV) expresses several 
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viral proteins that interfere with the cell surface expression of MHC class I 14. However, the 

effect of HCV infection on MHC class I expression is not well understood. Previous studies 

sought to address this by viral protein overexpression or by using HCV subgenomic replicon 

systems 15–17. However, these experimental models employed in those studies do not 

recapitulate the entire viral life cycle and do not consider the effect of cytokines, such as 

IFNs, those are present in the local inflammatory microenvironment during HCV infection.

In the present study, we investigated the effect of HCV infection on IFN-induced MHC class 

I expression using an in vitro HCV cell culture (HCVcc) system with the genotype 2a 

Japanese Fulminant Hepatitis-1 (JFH-1) strain 18–20, which recapitulates the complete HCV 

life cycle. This provided a unique opportunity to study the effect of HCV infection on MHC 

class I expression. Furthermore, we identified the underlying mechanism by which HCV 

impeded IFN-induced MHC I expression during infection, and delineated the functional 

significance of regulation of IFN-induced MHC class I expression by co-culture of HCV-

infected cells with HCV-specific CD8+ T cells.

Materials and Methods

HCV infection and IFN treatment

The JFH-1 strain (genotype 2a) of HCVcc was produced and quantified as previously 

described 21. Huh-7.5 cells (provided by Apath, LLC, Brooklyn, NY) were infected with 

HCVcc at 0.01 to 0.1 multiplicity-of-infection (MOI), depending on the experiment. 

Transfection with HCV protein-encoding plasmids was performed as previously 

described 22. To study IFN-induced MHC class I expression, HCV-infected cells were 

treated with 3 ng/mL IFN-β (PeproTech, Rocky Hill, NJ), 10 ng/mL IFN-γ (PeptroTech), 

100 ng/mL IFN-λ1 (R&D Systems, Minneapolis, MN) or 100 ng/mL IFN-λ2 (R&D 

Systems) for 24 h. Cell culture media and HCV RNA transfection are described in the 

Supplementary Materials and Methods section.

Flow cytometry

The antibodies used for flow cytometry included mouse monoclonal anti-HCV core IgG1 

(Clone C7-50; Thermo Scientific/Affinity BioReagents, Rockford, IL), FITC-conjugated 

anti-mouse IgG1 (Clone A85-1; BD Biosciences, San Jose, CA), AlexaFluor 647- or 

AlexaFluor 488-conjugated anti-HLA-ABC (Clone W6/32; AbD Serotec), and APC-

conjugated anti-HLA-A2 (BD Biosciences). Cells were stained with ethidium monoazide 

(EMA) for exclusion of dead cells and then surface stained with fluorochrome-conjugated 

HLA-ABC or HLA-A2-specific antibodies for 30 min at 4°C. For identification of HCV-

infected cells, cells were fixed and permeabilized, then stained with anti-HCV core and 

FITC-conjugated anti-mouse IgG1 antibodies. Multicolor flow cytometry was performed 

using LSR II instrument (BD Biosciences), and data were analyzed using FlowJo software 

(TreeStar, Ashland, OR).

Immunoblotting and immunoprecipitation

A total of 203μg of cell lysate was loaded onto SDS–PAGE gels and analyzed by 

immunoblotting. The antibodies used for immunoblotting analysis included mouse 

Kang et al. Page 3

Gastroenterology. Author manuscript; available in PMC 2015 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monoclonal anti-HCV core IgG1 (Clone C7-50), mouse anti-HLA-ABC (Clone W6/32; 

BioLegend), rabbit polyclonal anti-eIF2α (Cell Signaling Technology, Danvers, MA), rabbit 

polyclonal anti-phospho-eIF2α (Ser51) (Cell Signaling Technology), rabbit polyclonal anti-

PKR (Santa Cruz Biotechnology), and rabbit monoclonal anti-phospho-PKR (pT446) (Clone 

E120; Epitomics, Burlingame, CA). After overnight incubation with primary antibodies 

(1:1,000 dilution) at 4°C, the signal was detected using horseradish peroxidase-conjugated 

secondary antibodies (1:2,500 dilution; Pierce, Rockford, IL, USA) and enhanced 

chemiluminescence reagents (GE Healthcare/Amersham, Buckinghamshire, UK).

For immunoprecipitation of MHC class I protein, 5003μg of cell lysate was incubated 

overnight with anti-HLA-ABC antibody (BioLegend), subsequently with protein A agarose 

beads (Santa Cruz Biotechnology) for 23h. Immunoprecipitates were extracted from the 

beads, loaded onto SDS–PAGE gels and analyzed by immunoblotting. After overnight 

incubation with rabbit monoclonal anti-MHC class I (Clone EP1395Y; Epitomics) at 4°C, 

the signal was detected as described above. Band intensities were quantified using ImageJ 

software.

Metabolic labeling of MHC class I synthesis

Six hours after addition of IFN-β, cells were washed twice with PBS and incubated in 

methionine/cysteine-free DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 1% 

(v/v) dialyzed FBS (Welgene, Daegu, Korea) and L-glutamine (Sigma-Aldrich) for 1 h. The 

cells were then pulsed with 5003μCi of EasyTag EXPRE35S35S Protein Labeling Mix 

(Perkin-Elmer, Boston, MA) for 1 h and washed twice with ice-cold PBS. Cell lysates were 

prepared using RIPA buffer. Equal amounts of immunoprecipitates with anti-HLA-ABC 

(BioLegend, San Diego, CA) were loaded onto SDS-PAGE gels. 35S-labeled proteins were 

detected by autoradiography.

Confocal microscopy

The procedure for confocal microscopy is described in the Supplementary Materials and 

Methods section.

shRNA-encoding lentiviruses

Lentiviral vectors were transfected into 293TN cells (System Biosciences, Mountain View, 

CA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Forty-eight hours after 

transfection, the lentivirus particles were harvested, concentrated, and stored at −70°C until 

use. PKR shRNA clones are described in the Supplementary Materials and Methods section.

TaqMan real-time PCR

The procedure for TaqMan real-time PCR is described in the Supplementary Materials and 

Methods section.

Establishment of cell lines expressing HLA-A2 under the control of HLA-A2 promoter

The complete sequence of HLA-A*0201 with its promoter region (GenBank Accession 

Number GQ996941) was synthesized and cloned into the pGEM-T easy vector (Promega, 

Madison, WI) by Bioneer Corp (Daejeon, Korea), and designated as pGEM-T/P(HLA-A2)-
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(HLA-A*0201). The pcDNA3.1(+) vector was digested with BglII and EcoRI restriction 

enzymes to remove sequences containing the CMV promoter and part of the multiple 

cloning site (MCS). Subsequently, this region was replaced with P(HLA-A2)-(HLA-

A*A0201) fragment, and the resultant plasmid was designated as pcDNA3.1/P(HLA-A2)-

(HLA-A2). Wild-type or PKR-silenced Huh-7.5 cells were stably transfected with 

pcDNA3.1/P(HLA-A2)-(HLA-A2) plasmid and selected with 1 mg/mL G418 with or without 

1 μg/mL puromycin.

MHC class I stabilization assay

Huh-7.5/P(HLA-A2)-(HLA-A2) cells were infected with HCV at 0.1 MOI. After 3 days of 

infection, the cells were pulsed with excess amounts (10 μg/mL) of HLA-A2-restricted HCV 

genotype 1a NS31073 peptide (CINGVCWTV) or dimethyl sulfoxide (DMSO) in the 

presence or absence of 3 ng/mL IFN-β. Twenty-four hours later, cells were analyzed for 

surface expression levels of HLA-A2 using flow cytometry.

HCV-specific CD8+ T cell lines

Whole blood was obtained from HLA-A2-positive patients with acute HCV infection 

(genotype 1a) with approval of the local institutional review boards and patient consent. 

Peripheral blood mononuclear cells (PBMCs) were isolated, and CD8+ T cells were 

negatively selected using magnetic beads (Miltenyi Biotec, Auburn, CA). HCV-specific 

CD8+ T cells were subsequently selected with PE-conjugated HLA-A2-NS31073 

(CINGVCWTV) or HLA-A2-core35 (YLLPRRGPRL) pentamers (ProImmune, Oxford, 

UK) and anti-PE microbeads (Miltenyi Biotec). Selected cells were expanded for 3 weeks in 

48-well plates with irradiated autologous feeder cells in RPMI 1640 (5% FBS) with 40 

ng/mL anti-CD3, 200 U/mL interleukin (IL)-2, 10 ng/mL IL-7 and 100 ng/mL IL-15.

Co-culture experiment

shControl-transduced or shPKR#4-transduced Huh-7.5/P(HLA-A2)-(HLA-A2) cells were 

infected with HCV for 3 days and treated with 3 ng/mL IFN-β for 24 h. HLA-A2 expression 

was determined by flow cytometry. The cells were pulsed with HLA-A2-restricted HCV 

NS31073 peptide (CINGVCWTV) for 1 h, then co-cultured with the HCV NS31073-specific 

CD8+ T cell line for 12 h at an effector:target ratio of 5:1. Considering the frequency of 

HCV-specific T cells in the cell line (~50%) and the infection rate of target cells (~90%), the 

final effector:infected Huh-7.5 cell ratio was calculated to be 2.78:1 and the 

effector:uninfected Huh-7.5 cell ratio was 2.78:0.1. In another set of experiments, target 

cells were co-cultured with the HCV core35-specific CD8+ T cell line without peptide 

pulsing. The effector functions of HCV-specific CD8+ T cells were assessed by intracellular 

staining for IFN-γ and TNF-α.

Statistical analysis

Statistical analysis is described in the Supplementary Materials and Methods section.
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Results

IFN-induced MHC class I expression is attenuated by HCV infection

To address whether HCV infection has a significant effect on MHC class I expression in 

human hepatoma cells, we used an in vitro JFH-1 genotype 2a HCVcc system in Huh-7.5 

cells (Figure 1A). HCV infection tended to decrease the baseline level of MHC class I 

expression; however, the difference was not statistically significant (Figure 1B). Next, we 

studied the effect of HCV infection on type I or II IFN-induced MHC class I expression. 

Huh-7.5 cells were infected with HCV and 3 days later, type I or II IFN was added for 24 h. 

As expected, type I or II IFN upregulated MHC class I expression in uninfected cells; 

however, IFN-induced MHC class I expression was remarkably attenuated in HCV-infected 

cells (Figure 1C). This was confirmed at various time points after HCV infection (days 3–7) 

(data not shown). We further confirmed our finding by HCV core and MHC class I co-

staining. In an HCV-inoculated culture, HCV-infected cells were identified by HCV core 

staining (Figure 1D), and IFN-induced MHC class I expression was compared between 

HCV-infected cells and uninfected cells. As shown in Figure 1E, IFN-induced MHC class I 

expression was attenuated in HCV-infected cells compared with uninfected cells. In HCV-

infected cells, type III IFN-induced MHC class I expression was also attenuated 

(Supplementary Figure 1A and B). This diminished induction of MHC class I expression in 

response to IFNs in HCV-infected Huh-7.5 hepatoma cells was also confirmed by 

immunofluorescence analysis (Figure 1F). Taken together, these data demonstrate that IFN-

induced MHC class I expression is attenuated by HCV infection.

Replicating HCV RNA, not viral protein, is responsible for suppression of IFN-induced 
MHC class I expression

We repeated the experiment using HCV RNA transfection instead of HCVcc infection to 

determine if replicating HCV RNA was sufficient to suppress IFN-induced MHC class I 

expression. Huh-7.5 cells were transfected with full-genome JFH-1 HCV RNA. In HCV 

RNA-transfected culture, transfected cells were identified by HCV core staining, and IFN-

induced MHC class I expression was compared between HCV RNA-transfected cells and 

untransfected cells. IFN-induced MHC class I expression was attenuated in HCV RNA-

transfected cells compared with untransfected cells (Figure 2A). When Huh-7.5 cells were 

transfected with the replication-defective JFH-1/GND mutant RNA 19, IFN-induced MHC 

class I expression was not attenuated (data not shown). Next, we studied the effect of each 

viral protein on IFN-induced MHC class I expression by transfecting Huh-7.5 cells with 

HCV protein-encoding plasmids. However, IFN-induced MHC class I expression was not 

affected by overexpression of any HCV protein (Figure 2B and C). Transfection was also 

performed with pairs of HCV gene plasmids in 28 combinations. In addition, transfection 

was performed separately with all structural protein genes, all non-structural protein genes 

and all HCV genes. However, none of these transfections affected IFN-induced MHC class I 

expression (Supplementary Figure 2A and B). Collectively, these data indicate that 

replicating HCV RNA, not viral protein, is responsible for the diminished expression of 

IFN-induced MHC class I.
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HCV infection attenuates IFN-induced synthesis of MHC class I protein

We then evaluated the underlying mechanism responsible for the attenuation of IFN-induced 

MHC class I expression during HCV infection. First, the mRNA expression level of hla-a, a 

representative MHC class I gene, was evaluated by real-time quantitative PCR. 

Unexpectedly, IFN-induced MHC class I mRNA expression was elevated rather than 

suppressed in HCV-infected cells (Figure 3A), suggesting that HCV infection regulates IFN-

induced MHC class I expression at the translational or post-translational level.

For cell surface expression of MHC class I, peptides need to be produced by the intracellular 

antigen processing machinery and bind to MHC class I. Therefore we investigated whether a 

defective supply of MHC-binding peptides accounts for the diminished expression of IFN-

induced MHC class I using a standard MHC class I stabilization assay. In this assay, MHC 

class I expression on the cell surface was examined after addition of excess amounts of an 

MHC-binding peptide. We performed MHC class I stabilization assays using human 

leukocyte antigen (HLA)-A2-restricted HCV NS31073 peptide and the Huh-7.5/P(HLA-A2)-

(HLA-A2) cell line, which stably expresses HLA-A2 under the control of the HLA-A2 

promoter. We found that excess amounts of HCV NS31073 peptide did not increase IFN-

induced MHC class I expression on the cell surface in uninfected and HCV-infected cells 

(Figure 3B and C), suggesting that attenuated expression of IFN-induced MHC class I is not 

attributed to defective antigen processing and/or peptide loading. Next, the amount of total 

cellular MHC class I protein was analyzed by immunoprecipitation and immunoblotting. 

IFN-induced MHC class I expression was diminished not only on the cell surface but also in 

total cell lysates of HCV-infected cells (Figure 3D).

Finally, we studied the synthesis rate of MHC class I protein. HCV-infected Huh-7.5 cells 

were treated with IFN-β for 6 h followed by 1 h of metabolic labeling with 35S-Met/Cys, and 

the cell lysates were analyzed by MHC class I immunoprecipitation and autoradiography to 

quantify the synthesis of MHC class I protein. IFN-β-induced synthesis of MHC class I 

protein was reduced in HCV-infected cells compared with uninfected cells (Figure 3E), 

demonstrating that HCV inhibits the translation of IFN-induced MHC class I protein. Taken 

together, these results indicate HCV infection attenuates IFN-induced MHC class I 

expression at the translational level rather than at the transcriptional or post-translational 

level.

Activation of the PKR pathway by HCV infection is responsible for attenuated MHC class I 
expression

Protein kinase R (PKR) and its substrate eIF2α are regulators of translation initiation. A 

previous study reported that the PKR-eIF2α pathway is activated in HCV-infected cells 

resulting in suppressed translation of antiviral IFN-stimulated genes (ISG) 23. We confirmed 

that HCV infection resulted in phosphorylation of PKR and eIF2α (Figure 4A). We 

therefore studied the role of PKR in the regulation of IFN-induced MHC class I expression 

by silencing PKR expression. Five clones of PKR-silenced Huh-7.5 cells were generated by 

transduction with five different clones of PKR shRNA-lentivirus. Huh-7.5 cells with 

complete (shPKR#4) or partial (shPKR#1) silencing of PKR expression were confirmed by 

immunoblotting analysis (Figure 4B). IFN-induced MHC class I expression was examined 
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after HCV infection of these cells. Whereas IFN-β-induced MHC class I expression was 

attenuated in HCV-infected shControl-transduced Huh-7.5 cells, it was not affected in HCV-

infected Huh-7.5 cells (shPKR#4) with complete silencing of PKR (Figure 4C and D). In 

Huh-7.5 cells (shPKR#1) with partial silencing of PKR, IFN-β-induced MHC class I 

expression was partially restored (Figure 4C and D). These data illustrate a critical role for 

the PKR-eIF2α pathway in suppressing IFN-induced synthesis of MHC class I protein in 

HCV-infected cells.

Attenuated expression of MHC class I by HCV infection leads to suppressed effector 
functions of HCV-specific CD8+ T-cells

To demonstrate the functional significance of MHC class I regulation in HCV infection, we 

co-cultured an HCV-specific CD8+ T cell line with HCV-infected HLA-A2-expressing 

Huh-7.5 cells. PKR-silenced or unsilenced Huh-7.5/P(HLA-A2)-(HLA-A2) cells were 

infected with HCV for 3 days and treated with IFN-β for 24 h. As expected, cell surface 

expression of HLA-A2 was attenuated by HCV infection and restored by PKR-silencing 

(Figure 5A). These cells were pulsed with HLA-A2-restricted NS31073 peptide 

(CINGVCWTV), then co-cultured with an NS31073-specific CD8+ T cell line, which was 

derived from an HLA-A2-positive patient with acute HCV infection (genotype 1a) 

(Supplementary Figure 3A). This cell line did not cross-recognize the genotype 2a JFH-1 

sequence that we used to infect Huh-7.5 cells. Co-culture with HCV-uninfected, peptide-

pulsed cells resulted in production of IFN-γ and TNF-α from CD8+ T cells. However, co-

culture with HCV-infected, peptide-pulsed cells resulted in reduced production of IFN-γ and 

TNF-α from CD8+ T cells. Production of IFN-γ and TNF-α was reinstated in CD8+ T cells 

when they were co-cultured with HCV-infected, peptide-pulsed cells without PKR 

expression (Figure 5B and C).

Next, we examined CD8+ T cell recognition of endogenously processed epitope peptides. 

PKR-silenced or unsilenced Huh-7.5/P(HLA-A2)-(HLA-A2) cells were infected with HCV 

and treated with IFN-β, then co-cultured with a core35-specific CD8+ T cell line, which was 

derived from another HLA-A2-positive patient with acute HCV infection (genotype 1a) 

(Supplementary Figure 3B). Notably, this cell line cross-recognized the conserved core35 

peptide of genotype 2a JFH-1. Whereas CD8+ T cells did not produce IFN-γ and TNF-α 

when co-cultured with uninfected cells, a small percentage of T cells (3.3%) produced IFN-γ 

and/or TNF-α when co-cultured with HCV-infected cells (Figure 5D and E). Importantly, 

co-culture with PKR-silenced, HCV-infected cells increased the frequency of IFN-γ and/or 

TNF-α-producing CD8+ T cells to 6.9% (Figure 5D and E). This increase was not attributed 

to a higher infection rate in PKR-silenced cells. In fact, HCV infection rate in PKR-silenced 

cells was not higher than that in shControl-transduced cells after HCV infection and IFN-β 

treatment (Supplementary Figure 4). Collectively, these data demonstrate that the effector 

functions of HCV-specific CD8+ T cells are dictated by the expression level of MHC class I 

on the cell surface of HCV-infected cells, and that HCV suppresses IFN-induced MHC class 

I expression and evades recognition by HCV-specific CD8+ T cells.
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Discussion

The current study demonstrated that HCV decreases MHC class I expression and evades 

recognition by HCV-specific CD8+ T cell responses. Only a few studies have investigated 

the effect of HCV on MHC class I expression with conflicting results. In a study by 

Moradpour et al. 15, the expression of MHC class I was not affected by overexpression of 

HCV proteins whereas another study showed upregulation of MHC class I expression by the 

HCV core 17. On the other hand, Tardif et al. 16 demonstrated downregulation of MHC class 

I expression using an HCV RNA subgenomic replicon system. These inconsistent results are 

likely due to differences in the experimental models used in each study. To the best of our 

knowledge, ours is the first study to evaluate the effect of HCV infection on MHC class I 

expression using the HCVcc system, in which HCV proteins are expressed at physiological 

levels, though it was studied in a hepatoma cell line, Huh-7.5. Another unique aspect of our 

study is that we examined the effect of HCV infection on MHC class I expression also in the 

presence of exogenous IFNs. During viral infections, type I and III IFNs are produced by 

infected cells and dendritic cells 11, 12, and type II IFN (IFN-γ) is produced by NK cells and 

T cells 13. We demonstrated that HCV infection significantly attenuates IFN-induced MHC 

class I expression (Figure 1C and E).

Several HCV proteins inhibit host responses when overexpressed in vitro 22, 24–27. The HCV 

core inhibits STAT1 activation 24, the NS3/4A protease blocks IRF-3 25, and the E2 and 

NS5A proteins inhibit kinase activity of PKR 26, 27. However, we found that viral proteins 

per se do not play a role in the attenuation of IFN-induced MHC class I expression, because 

overexpression of each viral protein did not affect IFN-induced MHC class I expression 

(Figure 2B and C). Instead, replicating HCV RNA is responsible for the suppression of IFN-

induced MHC class I expression, as demonstrated by the repressed induction of MHC class I 

by IFNs in the presence of replication-competent JFH-1 RNA (Figure 2A), but not in the 

presence of replication-defective JFH-1/GND mutant RNA.

In the present study, we showed that HCV infection induced phosphorylation of PKR and 

eIF2α (Figure 4A), and that IFN-induced MHC class I expression was restored by PKR-

silencing in HCV-infected cells (Figure 4C and D). A similar role of PKR was previously 

reported for diminished ISG induction in HCV-infected cells 23. In that report, Garaigorta 

and Chisari found that translation of ISG protein is suppressed in HCVcc-infected cells as a 

result of PKR and eIF2α phosphorylation 23. Their findings are consistent with our results 

on the molecular mechanisms, which demonstrated that HCV-induced activation of PKR 

and eIF2α is responsible for the attenuated induction of IFN-stimulated protein expression 

in HCV-infected cells. Garaigorta and Chisari studied attenuated ISG induction by HCV 

infection in that study; thus, the significance of their findings was limited to the innate 

antiviral responses 23. In contrast, we studied attenuation of IFN-induced MHC class I 

expression by HCV infection; thus, we extended the significance of the PKR-eIF2α pathway 

to viral immune evasion from CD8+ T cell responses. In fact, the effector functions of HCV-

specific CD8+ T cells were dictated by the expression level of MHC class I. This was shown 

in two different types of co-culture experiments (Figure 5B and D). First, genotype 1a 

NS31073 (CINGVCWTV)-specific CD8+ T cells were used, and HLA-A2+ target cells were 

pulsed with CINGVCWTV peptide, because CINGVCWTV-specific CD8+ T cells were 
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reported not to recognize JFH-1 (genotype 2a) NS31073 (TISGVLWTV) 28. Second, we 

investigated CD8+ T cell recognition of endogenously processed epitope peptides in the 

JFH-1 HCV infection system. In this experiment, we used core35 (YLLPRRGPRL)-specific 

CD8+ T cells from another genotype 1a patient. YLLPRRGPRL-specific CD8+ T cells 

recognized endogenously processed core35 peptide in JFH-1-infected cells because the 

epitope sequence is conserved. Although fewer cytokine-producing CD8+ T cells were 

stimulated by endogenously processed peptide than by externally loaded peptide, both 

experiments demonstrated a close relation between the effector function of HCV-specific 

CD8+ T cells and the expression level of MHC class I on HCV-infected cells. Collectively, 

these data imply that specific inhibition of PKR may lead to recovery of MHC class I 

expression in HCV-infected cells, enhancement of HCV-specific CD8+ T cell responses and 

possibly clearance of HCV in patients.

If HCV attenuates IFN-induced MHC class I expression, the role of NK cells needs to be 

considered. NK cells contribute to antiviral innate immune responses by recognizing virus-

infected cells that lack MHC class I or overexpress ligands for activating receptors 29. 

Whereas diminished expression of IFN-induced MHC class I protein in HCV-infected cells 

may facilitate immune evasion from HCV-specific CD8+ T cells, it might lead to 

recognition of HCV-infected cells by NK cells. However, HCV is known to evade the NK 

cell responses in several ways. The HCV envelope protein directly suppresses NK cell 

activation 30, 31 and HCV-infected cells induce downregulation of NKG2D on NK cells 32. 

Thus, NK cell activation may be avoided.

In summary, we utilized an in vitro HCVcc system to delineate the impact of HCV on the 

expression of MHC class I, while considering the effect of IFNs. We demonstrate that IFN-

induced MHC class I expression is attenuated by HCV infection at the translational level 

through the PKR-eIF2α pathway, leading to reduction of the antiviral effector functions of 

HCV-specific CD8+ T cells. Moreover, we show that PKR-silencing in HCV-infected cells 

restores the diminished expression of IFN-induced MHC class I in a dose-dependent 

manner, and accordingly recovers HCV-specific CD8+ T cell responses. Our findings 

illustrate one mechanism by which HCV may evade adaptive antiviral immune responses.
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Abbreviations

MHC major histocompatibility complex

HCV hepatitis C virus

IFN interferon

HCVcc cell culture-derived hepatitis C virus

PKR protein kinase R

NK natural killer

CMV cytomegalovirus

JFH-1 Japanese Fulminant Hepatitis-1

HLA human leukocyte antigen

MOI multiplicity-of-infection

shRNA short-hairpin RNA

mRNA messenger RNA

cDNA complementary DNA

Ig immunoglobulin

MFI mean fluorescence intensity

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Figure 1. IFN-induced MHC class I expression is attenuated by HCV infection
(A–C) Huh-7.5 cells were infected with HCVcc at 0.1 MOI and cultured for 3 days, with an 

infection rate of 85–95%. (A) The infection rate was determined with anti-HCV core 

immunostaining and flow cytometry. (B) Surface expression of MHC class I was evaluated 

in HCV-infected or uninfected Huh-7.5 cells by flow cytometry, and mean fluorescence 

intensity (MFI) was compared between HCV-infected and uninfected cells (n = 3). F, 

fluorescence intensity of stained sample; F0, fluorescence intensity of isotype control. ns, 

not significant. (C) HCV-infected or uninfected Huh-7.5 cells were treated with 3 ng/mL 

IFN-β or 10 ng/mL IFN-γ or untreated (control). After 24 h, cells were stained for MHC 

class I expression and analyzed by flow cytometry. Data from five independent experiments 

are presented as a bar graph (mean + SEM). ***, P < 0.001; ns, not significant. (D–F) For 

this experiment, Huh-7.5 cells were inoculated with HCVcc at 0.01 MOI and cultured for 3 

days, with an infection rate of 30–45%. (D) Co-staining for HCV core and MHC class I was 

performed in an HCV-inoculated culture with gating on HCV core-positive (blue) and HCV 

core-negative (red) populations, respectively. (E) HCV-inoculated cultures were treated with 

3 ng/mL IFN-β or 10 ng/mL IFN-γ or were left untreated (control). HCV core and MHC 

class I are shown for HCV-infected cells (blue) and uninfected cells (red). Data from five 
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independent experiments are presented as a bar graph (mean + SEM). **, P < 0.01; ***, P < 

0.001; ns, not significant. (F) Immunofluorescence microscopy of HCV core (red) and MHC 

class I (green) expression after 24 h of IFN-β treatment. The HCV-infected cell displayed 

lower intensity of MHC class I staining compared to the adjacent uninfected cell. The nuclei 

were stained by DAPI (blue).
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Figure 2. Replicating HCV RNA, not viral protein per se, leads to attenuation of IFN-induced 
MHC class I expression
(A) Huh-7.5 cells were transfected with replication-competent JFH-1 HCV RNA and 2 days 

later, 3 ng/mL IFN-β or 10 ng/mL IFN-γ was added for 24 h. The expression level of MHC 

class I in transfected (blue) or untransfected (red) cells was evaluated by flow cytometry 

after co-staining for HCV core and MHC class I. Data from three independent experiments 

are presented as a bar graph (mean + SEM). ***, P < 0.001; ns, not significant. (B and C) 

Huh-7.5 cells were transfected with HCV protein-encoding plasmids, followed by treatment 

with 3 ng/mL IFN-β for 24 h. The expression level of MHC class I was analyzed by flow 

cytometry (B), and presented as MFI (C). F, fluorescence intensity of stained samples; F0, 

fluorescence intensity of isotype control.
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Figure 3. HCV infection attenuates IFN-induced synthesis of MHC class I protein
(A) Huh-7.5 cells were infected with HCVcc at 0.1 MOI and cultured for 3 days, with an 

infection rate of 85–95%. HCV-infected or uninfected cells were treated with 3 ng/mL IFN-

β or 10 ng/mL IFN-γ for 24 h, and the mRNA level of hla-a, a representative MHC class I 

gene, was determined by real-time quantitative PCR and normalized to β-actin mRNA. Data 

represent mean + SEM of four independent experiments. *, P < 0.05. (B and C) MHC class I 

stabilization assay. Three days after inoculating HCV to Huh-7.5/P(HLA-A2)-(HLA-A2) cells 

at 0.01 MOI (yielding an infection rate of 30–45%), 10 μg/mL HLA-A2-restricted HCV 

NS31073 peptide was pulsed in the presence of IFN-β for 24 h. The expression level of HLA-

A2 in HCV-infected (blue) or uninfected (red) cells was analyzed by flow cytometry after 

co-staining for HCV core and HLA-A2 (B). HLA-A2 expression was compared between 

peptide-pulsed cells and dimethyl sulfoxide (DMSO)-treated control cells (C). Data 

represent mean + SEM of three independent experiments. ns, not significant. (D and E) 

Huh-7.5 cells were infected with HCVcc at 0.1 MOI and cultured for 3 days, with an 

infection rate of 85–95%. (D) HCV-infected or uninfected Huh-7.5 cells were treated with 3 

ng/mL IFN-β. Total cell lysates were subjected to immunoprecipitation of MHC class I 

protein. MHC class I immunoprecitates were visualized by immunoblotting. The density of 

the immunoblot bands from three independent experiments are presented as a bar graph 

(mean + SEM). *, P < 0.05. (E) HCV-infected or uninfected cells were treated with 3 ng/mL 

IFN-β for 6 h, followed by 35S-Met/Cys metabolic labeling for 1 h. Equal amounts of 

protein extracts were immunoprecipitated for MHC class I and analyzed by SDS-PAGE and 

autoradiography. The density of the immunoblot bands was quantified and presented in the 

graph on the right.
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Figure 4. HCV activates the PKR-eIF2α pathway, and PKR-silencing restores MHC class I 
expression
(A) Huh-7.5 cells were infected with HCVcc at 0.1 MOI and cultured for 3 days, with an 

infection rate of 85–95%. HCV-infected or uninfected cells were treated with 3 ng/mL IFN-

β or 10 ng/mL IFN-γ for 24 h, and cell lysates were analyzed by immunoblotting. (B) PKR-

silenced stable cell lines were established by PKR shRNA-lentivirus transduction. Complete 

(shPKR#4) or partial (shPKR#1) silencing of PKR expression was confirmed by 

immunoblotting. The density of the immunoblot bands was quantified and presented in the 

graph on the bottom. (C and D) PKR-silenced or unsilenced Huh-7.5 cells were inoculated 

with HCV at 0.01 MOI, cultured for 3 days (yielding an infection rate of 30–45%) and 

treated with 3 ng/mL IFN-β. The expression level of MHC class I in HCV-infected (blue) or 

uninfected (red) cells was analyzed by co-staining for HCV core and MHC class I and flow 

cytometry (C). Expression of MHC class I was compared between HCV core-positive and -

negative cells (D). Data represent mean + SEM of three independent experiments. **, P < 

0.01; ***, P < 0.001; ns, not significant.
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Figure 5. Effector functions of HCV-specific CD8+ T cells relate to MHC class I expression
(A) Cells were infected with HCVcc at 0.1 MOI and cultured for 3 days, with an infection 

rate of 90%. Uninfected, shControl-transduced Huh-7.5/P(HLA-A2)-(HLA-A2) (left), HCV-

infected, shControl-transduced Huh-7.5/P(HLA-A2)-(HLA-A2) (middle), or HCV-infected, 

shPKR#4-transduced Huh-7.5/P(HLA-A2)-(HLA-A2) (right) cells were treated with 3 ng/mL 

IFN-β for 24 h, and HLA-A2 expression was determined by flow cytometry. (B-E) 

Uninfected, shControl-transduced Huh-7.5/P(HLA-A2)-(HLA-A2) (left), HCV-infected, 

shControl-transduced Huh-7.5/P(HLA-A2)-(HLA-A2) (middle), or HCV-infected, shPKR#4-

transduced Huh-7.5/P(HLA-A2)-(HLA-A2) (right) cells were treated with 3 ng/mL IFN-β for 

24 h, pulsed with (B and C) or without (D and E) 10 μg/mL CINGVCWTV NS31073 peptide 

and co-cultured for 12 h with NS31073-specific CD8+ T cells (B and C) or core35-specific 

CD8+ T cells (D and E) at an effector:target ratio of 5:1. IFN-γ and TNF-α production of 

HCV-specific CD8+ T cells was assessed by intracellular cytokine staining and flow 

cytometry. Quadrant statistics are shown (B and D), and the percentages of IFN-γ+ or TNF-

α+ T cells are presented as bar graphs (C and E).
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