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Abstract
CD56+ T cells are abundant in liver and play an important role in defense against viral infections.
However, the role of CD56+ T cells in control of HCV infection remains to be determined. We
investigated the noncytolytic anti-HCV activity of primary CD56+ T cells in human hepatocytes.
When HCV JFH-1-infected hepatocytes were co-cultured with CD56+ T cells or incubated in
media conditioned with CD56+ T cell culture supernatants (SN), HCV infectivity and replication
were significantly inhibited. The antibodies to interferon (IFN)-γ or IFN-γ receptor could largely
block CD56+ T cell-mediated anti-HCV activity. Investigation of mechanism(s) responsible for
CD56+ T cell-mediated noncytolytic anti-HCV activity showed that CD56+ T SN activated the
multiple elements of janus kinase/signal transducer and activator of transcription (JAK/STAT)
pathway and enhanced the expression of IFN regulatory factors (IRFs) 1, 3, 7, 8 and 9, resulting in
the induction of endogenous IFN-α/β expression in hepatocytes. Moreover, CD56+ T SN treatment
inhibited the expression of HCV-supportive miRNA-122 and enhanced the levels of anti-HCV
miRNA-196a in human hepatocytes. Conclusion: These findings provide direct in vitro evidence
at cellular and molecular levels that CD56+ T cells may have an essential role in innate immune
cell-mediated defense against HCV infection.
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CD56+ T cells are a subset of human T lymphocytes expresses the cell-surface molecular,
CD56, which is typically expressed by natural killer cells.1, 2 CD56+ T cells express both
NK and T cells markers, therefore they functionally display properties of both NK cells and
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T cells. Unlike classical T cells, CD56+ T cells possess the ability to rapidly produce large
quantities of both Th1 and Th2 cytokines, particularly interferon-γ (IFN-γ), tumor necrosis
factor-α (TNF-α), interleukin-2 (IL-2), IL-4, and IL-13 without need for priming or clonal
expansion, which promote Th1 or Th2 adaptive immune responses.2-7 This ability of
CD56+ T cells permits them to play a key role in the communications between the innate
and adaptive immune cells. The dual innate and adaptive immune functions place CD56+ T
cells alongside natural killer T cells as frontline innate immune effectors and potential
regulators of adaptive immune responses against microorganisms.8 The properties of CD56+

T cells make them important innate immune cells as the first line defense mechanism against
pathogens including viruses. In support of this notion, numerical and functional deficiencies
and phenotypic alterations of CD56+ T cells have been reported in patients with various
infectious and autoimmune diseases and cancer.7, 9-13

The intrahepatic immune system is characterized by a unique repertoire of lymphocytes. A
normal human liver as the primary site of HCV infection contains lymphocytes that usually
enriched for CD56+ T cells.6, 14 CD56+ T cells comprise approximately 5 to 15% of the
peripheral T-cell pool, and up to 50% of T lymphocytes within the liver environment.14
This innate lymphocyte population can recognize conserved structures that signal viral
invasion, thus providing an important first line of defense against viral infections.14, 15
More importantly, recent studies have highlighted that CD56+ T cells play an important role
in determining outcome of acute hepatitis C virus infection,16 and are known to be depleted
either in the livers or in peripheral bloods of patients with chronic HCV infection.10, 16-18
In the present study, we examined the ability of CD56+ T cells isolated from peripheral
blood of healthy donors to inhibit full cycle HCV infection and replication in human
hepatocytes. We also explored the cellular and molecular mechanisms underlying the
CD56+ T cell-mediated action on HCV infection.

Materials and Methods
Reagents

Recombinant human IFN-γ and mouse anti-IFN-γ, goat anti-IFN-γ receptor (anti-IFN-γR1
and IFN-γR2) antibodies, and IL-12 were purchased from R&D Systems Inc. (Minneapolis,
MN). Goat anti-IFN-α/β-receptor 1 (anti-IFN-α/β R1) was purchased from Sigma-Aldrich
Inc. (St Louis, MO). Rabbit anti-HCV NS5A antibody was obtained from Chiron Company
(Emeryville, CA). Mouse anti-HCV NS3 antibody was generated by Dr. Guangxiang Luo
(University of Kentucky College of Medicine, Lexington, Kentucky). Rabbit anti-signal
transducer and activator of transcription-1 (STAT-1), IFN regulatory factor-1 (IRF-1), IRF-9
antibodies, mouse anti-STAT-2 antibody, and goat anti-IRF-3, IRF-7, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibodies were purchased from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA). Goat anti-IRF-5 antibody was purchased from Abcam
Inc. (Cambridge, MA). Rabbit anti-IRF-8 antibody was obtained from Aviva Systems
Biology (San Diego, CA). The secondary antibodies (horseradish peroxidase-conjugated
goat-anti-rabbit IgG, goat-anti-mouse IgG, and donkey anti-goat IgG) used for Western blot
were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).

Primary cells and cell lines
Primary CD56+ T cells were enriched and purified from PBMCs of three health donors (two
males and one female) with CD3+CD56+ T Cell Isolation Kit (Miltenyi Biotec, Auburn,
CA). The purity (% of CD3+CD56+) of CD56+ T cells measured by flow cytometry was
greater than 95%. For the purpose of control cell population, CD3+CD56- T cells were
isolated by using CD3 and CD56 microbeads (Miltenyi Biotec, Auburn, CA) and the purity
was also great then 95%. Purified CD56+ T cells or CD56- T cells were cultured in RPMI
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1640 containing 10% fetal bovine serum (HyClone, Logan, UT) and activated by a standard
T Cell Activation/Expansion Kit (Miltenyi Biotec, Auburn, CA) according to the
manufacturer’s instructions. Briefly, CD56+ T cells or CD56- T cells were stimulated with
MACSiBead particles loaded with CD2, CD3 and CD28 antibodies. The activation of
CD56+ T cells or CD56- T cells was accomplished by using one loaded Anti-Biotin
MACSiBead particle per two cells (bead-to-cell ratio 1:2). The cells were cultured at 37°C
with 5% CO2 for 48h. Cell-free supernatants (SN) collected from the activated CD56+ T cell
or CD56- T cell cultures were used as CD56+ T or CD56- T SN. Primary human hepatocytes
were isolated from independent healthy donors by Lonza Walkersville Inc. (Walkersville,
MD). Cells were cultured on collagen-coated plates and maintained with Hepatocyte Culture
Medium (Lonza Walkersville Inc.) according to the manufacturer’s protocol. A hepatoma
cell line (Huh7.5.1) is a gift from Dr. Charles Rice (The Rockefeller University, New York,
NY).

HCV JFH-1 infection of human hepatocytes
The generation of infectious HCV JFH-1 and infection of hepatocytes were carried out as
described.19 For detection of HCV positive- and negative-strand RNAs, a strand-specific
RT-PCR assay was used as previously described.20, 21

CD56+ T SN treatment and Co-culture of human hepatocytes with CD56+ T cells
For the co-culture experiments, the purified CD56+ T cells were first activated by
MACSiBead particles with CD2, CD3 and CD28 antibodies for 48h, then collected and
transferred to the co-culture system. To maintain the activation status of CD56+ T cells in
the co-culture system, the cultures were supplemented with IL-12 (20ng/mL). HCV JFH-1-
infected Huh7.5.1 cells were co-cultured with CD56+ T cells at different ratios (CD56+ T:
Huh7.5.1, 0.1:1; 1:1; 10:1) in 0.4-μm-pore-transwell tissue culture plates (Costar,
Cambridge, MA). Huh7.5.1 cells were in the lower compartment and CD56+ T cells were
placed in the upper compartment. The hepatocytes were collected for RNA extraction and
HCV RNA real-time RT-PCR at different time points after co-culture. For the experiments
using CD56+ T SN, heaptocytes were cultured in media conditioned with or without CD56+

T SN (1%, 5%, 10%, 25%, and 50%, v/v). CD56+ T SN was added to the hepatocyte
cultures at either 24h prior to HCV infection or day 3 postinfection. In addition, CD56- T
cells or SN were used as a control in the experiments above.

Quantitative Real-Time RT-PCR
Total cellular RNA extraction and the reverse transcription were performed as described.22
The real-time RT-PCR for the quantification of HCV, IFN-α, IFN-β, IRF-1, IRF-3, IRF-4,
IRF-5, IRF-7, IRF-8, IRF-9, and GAPDH mRNA was performed with the iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA). The levels of GAPDH mRNA were used
as an endogenous reference to normalize the quantities of target mRNA. The special
oligonucleotide primers used in this study were listed in Table 1. The oligonucleotide
primers were synthesized by Integrated DNA Technologies Inc. (Coralville, IA).

PCR-Based Gene Expression Array
The pathway-focused (Janus Kinase/signal transducer and activator of transcription, JAK/
STAT) gene expression array was carried out according to the protocol provided by
SuperArray Bioscience Corporation (Frederick, MD). Briefly, total cellular RNA was
extracted from human hepatocytes treated with or without CD56+ T SN for 6h using
SuperArray RT2 qPCR-Grade RNA Isolation Kit. The elimination of genomic DNA
contamination and first strand cDNA synthesis were carried out using RT2 First Strand Kit.
Pathway-focused (JAK/STAT) gene expression array was performed using RT2 Profiler TM
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PCR Array System. Statistical analysis of data was performed with the Data-Analysis-
Template provided by the SuperArray Bioscience Corporation.

Quantitative Real-Time RT-PCR of MicroRNA (miRNA)
Total cellular RNA, including miRNA, was extracted from cells using miRNeasy Mini Kit
from Qiagen (Valencia, CA). Total RNA (1μg) was reverse-transcribed with miScript
Reverse Transcription Kit from Qiagen. The real-time RT-PCR for the quantification of a
subset of miRNAs (miR-122, miR-196a, miR-196b, miR-296, miR-351, miR-431, and
miR-448) was carried out with miScript Primer Assays and miScript SYBR Green PCR Kit
from Qiagen.

Immunoassays
The ELSIA kits for IFN-α, IFN-β, and IFN-γ were purchased from PBL Biomedical
Laboratories (Piscataway, NJ) and ELISA kits for TNF-α, IL-2, IL-4, and IL-10 were from
BD Biosciences (San Jose, CA). Immunofluorescent evaluation of HCV NS5A protein in
HCV-infected hepatocytes and Western blot assays were carried out as previous described.
22

Statistical analysis
Where appropriate, data were expressed as mean ±SD of triplicate cultures. For comparison
of the mean of two groups, statistical significance was assessed by student’s t test. If there
were more than 2 groups, one-way repeated measures of ANOVA were used. Statistical
analyses were performed with Graphpad Instat Statistical Software. Statistical significance
was defined as P<0.05.

Results
CD56+ T cells inhibit HCV infection and replication

We first examined whether CD56+ T cells or CD56+ T SN have cytotoxicity effect on
human hepatocytes. No cytotoxic effect was observed in the hepatocytes directly contacted
with CD56+ T cells or treated with CD56+ T SN (data not shown). We then examined
whether CD56+ T cells release soluble factor(s) that suppresses HCV replication in human
hepatocytes. We demonstrated that HCV replication in the hepatocytes co-cultured with
CD56+ T cells was significantly inhibited, and the degree of suppression was correlated with
the number of CD56+ T cells added to the co-culture system (Fig. 1A). In contract, CD56- T
cells and SN, when added to HCV JFH-1-infected cells, had little effect on HCV replication
(Fig. 1A). We also determined whether SN from CD56+ T cell cultures has anti-HCV
activity. CD56+ T SN, when added to HCV-infected Huh7.5.1 cells, inhibited HCV RNA
expression in a dose-dependence fashion (Fig. 1B). The CD56+ T SN-mediated inhibition of
HCV replication was also confirmed by the observation that the percentage of NS5A-
positive cells in HCV-infected and CD56+ T SN-treated Huh7.5.1 cells decreased
significantly compared with that in untreated cells (Fig. 2). The anti-HCV activity of CD56+

T SN was also determined in HCV JFH-1-infected primary human hepatocytes. CD56+ T-
SN-treated primary hepatocytes had undetectable negative-strand HCV RNA and lower
levels of HCV positive-strand RNA than untreated cells (Fig. 3). In order to determine
whether CD56+ T SN can protect hepatocytes from HCV infection, we pretreated Huh7.5.1
cells or primary hepatocytes with CD56+ T SN for 24h. The pretreatment of hepatocytes
resulted in a 10-100 fold decrease in HCV RNA expression (Fig. 4). Moreover, HCV RNA
expression in primary hepatocytes became undetectable at day 4 and afterwards
postinfection (Fig. 4B).
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IFN-γ is a major factor responsible for the CD56+ T SN-mediated anti-HCV activity
Upon activation, CD56+ T cells can release the antiviral cytokines, such as IFN-γ. Thus, we
examined whether IFN-γ is responsible for CD56+ T SN-mediated anti-HCV activity.
Preincubation of CD56+ T SN with antibody to IFN-γ largely reversed CD56+ T SN-
mediated anti-HCV activity (Fig. 5A). Furthermore, Pretreatment of HCV-infected
hepatocytes with antibodies to IFN-γ receptor (anti-IFN-γR1 and/or anti-IFN-γR2) also
blocked the most of CD56+ T SN-mediated anti-HCV activity (Fig. 5B).

The impact of CD56+ T SN on JAK/STAT pathway
We hypothesized that the activation of IFN-γ-mediated signaling pathway is a potential
mechanism involved in CD56+ T cell-mediated noncytolytic anti-HCV action. Therefore,
we used gene expression array to examine the profile of CD56+ T SN-mediated regulation
of genes in JAK/STAT pathway. When omitted genes that displayed less than 2 fold up- or
down-regulation relative to that of the control group, we showed that CD56+ T SN was able
to up-regulate 24 genes (Table 2) and down-regulate 10 genes (Table 3) in JAK/STAT
pathway. On the top of the list of upregulated genes by CD56+ T SN treatment was
CXCL-9, an IFN-γ-inducible chemokine (Table 2). In addition, the expression of the key
elements in JAK/STAT pathway, including JAK-2, JAK-3, STAT-1, STAT-2, and
STAT-5A, were all significantly enhanced by CD56+ T SN treatment (Table 2).
Furthermore, the key regulators in JAK/STAT pathway, such as IRF-1 and ISGF3G (IRF-9),
were also induced by CD56+ T SN treatment (Table 2). Notably, CD56+ T SN treatment
resulted in the increased expression of antiviral genes, including IFN-γ, NOS2A, GBP1,
OSA1 and ISG15 (Table 2), and the decreased expression of the inhibitor of JAK/STAT
pathway, such as PIAS1(Table 3).

CD56+ T SN enhances the expression of IRFs and STATs
To further determine the mechanism(s) involved in the CD56+ T cell-mediated anti-HCV
action, we investigated whether CD56+ T SN has the ability to induce the expression of IRF
members and STAT-1/ 2 in Huh7.5.1 cells. Among the IRF family members tested, IRFs 1,
3, 7, 8 and 9 were induced by CD56+ T SN treatment (Fig. 6). This CD56+ T SN-mediated
induction of IRF family members was demonstrated at both mRNA (Fig. 6A) and protein
(Fig. 6B) levels. We also examined the impact of CD56+ T SN on the expression of STATs.
CD56+ T SN treatment enhanced STAT-1 and STAT-2 expression in human hepatocytes as
determined by Western blot assay (Fig. 6B). Our additional analysis of the dynamic effect of
CD56+ T SN on expression of STATs and IRFs during the course of CD56+ T SN treatment
demonstrated that there was significant and stable increase of SATA-1/2 and IRFs (1, 3, 7,
8, and 9) at different time points during the course of suppression of HCV replication in
Huh7.5.1 cells by CD56+ T SN treatment (Fig. 6B).

CD56+ T SN or IFN-γ modulates the expression of intracellular type I IFN and miRNAs
Since IRF-3 and IRF-7, the key regulators of type I IFNs, were induced in human
hepatocytes by CD56+ T SN treatment, we examined whether CD56+ T SN or IFN-γ has the
ability to induce intracellular IFN-α/β expression in hepatocytes. Huh7.5.1 cells or primary
human hepatocytes treated with CD56+ T SN or IFN-γ expressed higher levels of
endogenous IFN-α and IFN-β than the untreated control cells (Fig. 7A and 7B).
Preincubation of HCV JFH-1-infected Huh7.5.1 cells with antibody to IFN-α/β receptor 1
could significantly reverse CD56+ T SN-mediated anti-HCV activity (Fig. 7C). In addition,
we examined the ability of CD56+ T SN to regulate the expression of miRNAs in
hepatocytes, as type I IFNs have been shown to regulate several cellular miRNAs that
involved in HCV infection and replication.23 Among miRNAs (miRNA-122, miRNA-196a,
miRNA-196b, miRNA-296, miRNA-351, miRNA-431, and miRNA-448) tested, the levels
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of two key miRNAs (miRNA-122 and miRNA-196a) that are involved in HCV replication
were significantly altered by CD56+ T SN treatment. While HCV-supportive miRNA-122
was inhibited by CD56+ T SN treatment, anti-HCV miRNA-196a was induced by CD56+ T
SN treatment (Fig. 8).

Discussion
In this study, we examined the noncytolytic anti-HCV activity of primary CD56+ T cells in
the newly developed infectious HCV (JFH-1) system.19 We demonstrated that CD56+ T
cells isolated from peripheral blood of healthy subjects release soluble factors that inhibit
HCV replication in both hepatoma cell line (Huh7.5.1) and primary human hepatocytes.
This CD56+ T cell-mediated anti-HCV activity was highly significant, since as much as
∼90% of HCV RNA expression was inhibited in hepatocytes either co-cultured with CD56+

T cells or exposed to CD56+ T SN (Figs. 1-3). In agreement with studies by others,24-26 we
showed that the replication of HCV JFH-1 in the primary hepatocytes was lower than that of
Huh7.5.1 cells. One of possibilities is that when primary hepatocytes grow as a monolayer
culture, they rapidly de-differentiate and have a shorter life span in culture, which limits
their support for HCV replication. Nevertheless, the anti-HCV activity of CD56+ T SN on
JFH-1-infected primary human hepatocytes is rather strong, because CD56+ T-SN-treated
primary human hepatocytes had undetectable negative-strand HCV RNA and lower levels of
HCV positive-strand RNA than untreated cells (Fig. 3).

We subsequently identified that IFN-γ is the major player in this CD56+ T cell-mediated
anti-HCV activity, as evidenced by the observation that the preincubation CD56+ T SN with
antibody to IFN-γ or pretreatment of hepatocytes with antibodies to IFN-γ receptor (IFN-
γR1 and/or IFN-γR2) largely blocked CD56+ T SN-mediated anti-HCV activity in
hepatocytes (Fig. 5). The role of IFN-γ in CD56+ T cell-mediated anti-HCV activity is also
supported by our observation that CD56- T that produced significantly lower levels of IFN-γ
(data not shown) had little effect on HCV replication in human hepatocytes (Fig.1). Our
finding is in agreement with the reports by others,2, 3, 27 showing that CD56+ T cells
produce much quicker and more IFN-γ than CD56- T cells poststimulation. In order to
determine whether other antiviral cytokines also play a role in the CD56+ T SN action
against HCV, we measured the levels of IFN-α/β and the primary Th1/Th2 cytokines in
CD56+ T SN. ELISA revealed that although CD56+ T SN contained undetectable IFN-α/β,
TNF-α, IL-2 and IL-10 were still detected. However, these cytokines had little effect on
HCV replication since the antibodies to them did not block the CD56+ T-SN-mediated anti-
HCV activity in the hepatocytes (data not shown). Therefore, these data demonstrated that
CD56+ T cell-produced IFN-γ in the presence of other cytokines is still effective and potent
in HCV inhibition.

While it is known that IFN-γ has the antiviral property, the mechanisms for IFN-γ-mediated
antiviral activity is still largely unknown. IFN-γ primarily signals through the JAK/STAT
pathway that is used by over 50 cytokines, growth factors and hormones to affect gene
regulation.28, 29 We demonstrated that the treatment of primary human hepatocytes with
CD56+ T SN not only activated the multiple elements of JAK/STAT pathway (JAK-2,
JAK-3, STAT-1, STAT-2, and STAT-5A), which is critical for the activation of type I IFNs,
but also induced the expression of the multiple antiviral factors, including NOS2A, GBP1,
OSA1 and ISG15 (Table 2). Thus, it is likely that the activation of these antiviral genes
contributes to the anti-HCV action of CD56+ T cells. Moreover, CD56+ T SN induced high
level expression of CXCL-9, an IFN-γ inducible chemokine gene.30, 31 This finding may
be significant, as control of HCV infection depends on at least in part on chemokine-
mediated recruitment of specific T cells to the liver. It is likely that CD56+ T cell-mediated
upregulation of CXCL-9 contributes to host immunity against HCV infection in liver.
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Both type I IFNs (IFN-α/β) and type II IFN (IFN-γ) have potent anti-HCV activity in the in
vitro systems.32-35 These two types of IFNs, however, act through different cell surface
receptors and are structurally unrelated, suggesting that they carry out their activities
through distinct but related pathways.36 In our experimental system, IFN-γ plays a major
role in inhibition of HCV replication, because the antibodies to IFN-  or IFN-γ receptors
could largely block CD56+ T cell-mediated anti-HCV activity. Investigation of
mechanism(s) responsible for the CD56+ T action showed that CD56+ T SN induced the
expression of IRF-1, 3, 7, 8 and 9 in human hepatocytes (Fig. 6). These cellular factors have
been shown as the positive regulators of the transcription of type I IFN genes.30, 37, 38
Among them, IRF-3 and IRF-7 are the two key regulators of type I IFN gene expression
elicited by viruses. IRF-3 is mainly responsible for the initial induction of the IFN-β gene,
whereas IRF-7, the upregulation of which is mediated by type I IFNs themselves, is
involved in the late phase of type I IFN gene induction.30, 39 In addition to IRF-3 and
IRF-7, IRF-1 is also a strong activator for type I IFN gene expression and able to rapidly
mediate the induction of IFN-β.30, 37 Thus, the induction of these important regulators by
CD56+ T SN provides a sound mechanism for CD56+ T cell-mediated enhancement of
intracellular type I IFN expression in human hepatocytes. Given the vital role of intracellular
IFN-α/β in the control of HCV replication in hepatocytes, it is likely that CD56+ T SN,
through IFN-γ-mediated upregulation of intracellular IFN-α/β expression, inhibits HCV
replication in hepatocytes. Our findings support the notion that there is a cross-talk between
type I and type II IFN pathways. This concept was supported by our observations (Fig. 6B)
that CD56+ T SN induced the expression of STAT-1 and STAT-2, the nuclear factors that
are essential for the activation of type I IFN-mediated antiviral pathways. It is well known
that STAT-1 is crucial in initial signaling by IFN-γ, whereas STAT-1 and STAT-2 are both
necessary for the signaling by IFN-α/β.30, 40 The activation of intracellular type I IFNs in
hepatocytes is of importance, as a recent study23 showed that IFN-α/β regulated the
expression of several cellular miRNAs that are involved in HCV infection and replication.
23,41 For example, miRNA-122, a liver-specific miRNA, has been shown to be essential for
HCV replication.41 This HCV-supportive miRNA, however, could be inhibited by IFN-β.23
Another important miRNA is miRNA-196 that has the anti-HCV property and could be
upregulated by type I IFNs.23 Our results that CD56+ T SN treatment of hepatocytes
inhibited the expression of miRNA-122 and enhanced the expression of miRNA-196a
provide a novel mechanism for the CD56+ T cell-mediated action against HCV.

In conclusion, the present study using primary CD56+ T cells and the clinical relevant
hepatocyte system that produces infectious HCV has for the first time provided direct
experimental evidence at cellular and molecular levels, showing that CD56+ T cells have the
ability to inhibit HCV infection and replication in human hepatocytes. The finding is
particularly important, since CD56+ T cells are abundant in liver and are a key component of
host innate immune cell-mediated defense mechanisms. More importantly, we showed that
CD56+ T cells, through the secretion of IFN-γ, activate JAK/STAT pathway and enhance
the expression of IRFs and STATs, resulting in the induction of intracellular IFN-α/β and
anti-HCV miRNA expression. These findings provide a novel mechanism for CD56+ T cell-
mediated anti-HCV activity in human hepatocytes, which would be of importance for the
design and development of CD56+ T cell-based intervention strategies for intracellularly
control and elimination of HCV in hepatocytes.
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Abbreviations

IFN interferon

HCV hepatitis C virus

TNF-α tumor necrosis factor-α

IL interleukin

IFN-γR IFN-γ receptor

IFN-α/β R IFN-α/β receptor

STAT signal transducer and activator of transcription

IRF IFN regulatory factor

GAPDH glyceraldehyde-3-phosphate dehydrogenase

SN supernatant

JAK Janus Kinase

miRNA microRNA
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Fig. 1. CD56+ T cells or supernatant (SN) suppress HCV replication in Huh 7.5.1 cells
(A) Co-culture of HCV infected-Huh7.5.1 cells with CD56+ T cells or CD56- T cells via a
trans-well system. HCV JFH-1-infected Huh7.5.1 cells (day 3 post infection) were plated in
the low compartment of a 24-well plate (105cells/well), while the different numbers of
activated CD56+ T cells or CD56- T cells were added in the top compartment as indicated.
The cultures were supplemented with IL-12 (20ng/mL) to maintain the activated status of T
cells. After 48h co-culture, total cellular RNA extracted from Huh7.5.1 cells was subjected
to the real-time RT-PCR for HCV and GAPDH RNA quantification. (B) Effect of CD56+ T
or CD56- T SN on HCV replication in Huh7.5.1 cells. HCV JFH-1-infected Huh7.5.1 cells
(day 3 post infection) were cultured in the presence or absence of CD56+ T or CD56- T SN
at indicated concentrations for 48h. Total cellular RNA extracted from Huh7.5.1 cells was
subjected to the real-time RT-PCR for HCV and GAPDH RNA quantification. The data are
expressed as HCV RNA levels relative (%) to control (without T cells or SN treatment,
which is defined as 100). The results are mean ±SD of triplicate cultures, representative of
three experiments (* p<0.05, ** p<0.01).
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Fig. 2. Effect of CD56+ T supernatant (SN) on HCV NS5A protein expression in Huh7.5.1 cells
HCV JFH-1-infected Huh7.5.1 cells (day 3 post infection) were cultured in the presence or
absence of CD56+ T SN (50%, v/v) for 48h. HCV NS5A protein expression was determined
by immunofluoresence staining with antibody against NS5A (green). The nuclei were
stained with Hoechst 33258 (blue). One representative experiment is shown (200x).
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Fig. 3. CD56+ T supernatant (SN) inhibition of HCV replication in primary human hepatocytes
(A) Effect of CD56+ T SN on HCV RNA expression. CD56+ T SN was added to HCV
JFH-1-infected primary human hepatocyte cultures (day 3 post infection). Total cellular
RNA extracted from the cell cultures at 48h posttreatment was subjected to the real-time
RT-PCR for HCV and GAPDH RNA quantification. The data are expressed as HCV RNA
levels relative (%) to control (without CD56+ T SN treatment, which is defined as 100). The
results are mean ±SD of triplicate cultures, representative of three experiments (** p<0.01).
(B) Effect of CD56+ T SN on the expression of both HCV positive (+) and negative (-)
strand RNAs. Total cellular RNA extracted from CD56+ T SN-treated or untreated HCV
JFH-1-infected primary human hepatocytes was subjected to a strand-specific RT-PCR.
Amplified RT-PCR products were run on a 1.5% agarose gel.
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Fig. 4. Effect of CD56+ T supernatant (SN) on susceptibility of hepatocytes to HCV infection
Huh 7.5.1 cells (A) or primary human hepatocytes (B) were cultured in the presence or
absence of CD56+ T SN (50%, v/v) for 24h prior to HCV JFH-1 infection. Total cellular
RNA was extracted from the cell cultures at the indicated time points and subjected to the
real-time RT-PCR for HCV and GAPDH RNA quantification. The data are expressed as log
HCV RNA copies/μg RNA. The results shown are mean ±SD of triplicate cultures,
representative of three experiments. UD: undetectable.
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Fig. 5. IFN-γ is the major factor responsible for CD56+ T supernatant (SN)-mediated anti-HCV
activity
(A) Anti-IFN-γ antibody blocks CD56+ T SN-mediated anti-HCV activity. HCV JFH-1-
infected Huh7.5.1 cells were cultured in the presence or absence of CD56+ T SN and/or
antibody against IFN-γ (10μg/mL). For the cultures in the presence of CD56+ T SN and the
antibody against IFN-γ, the CD56+ T SN was preincubated with the antibody against IFN-γ
for 30 min prior to the addition to Huh7.5.1 cultures. IFN-γ (200U/mL) alone was added to
the cell cultures as a positive control to determine the neutralization ability of the antibody
to IFN-γ. Mouse IgG2A was used as a control antibody to determine the specificity of the
antibody to IFN-γ. (B) Antibodies to IFN-γR1 and IFN-γR2 block anti-HCV activity of
CD56+ T SN. HCV JFH-1-infected Huh7.5.1 cells were incubated with or without
antibodies to IFN-γR1 (10μg/mL) and/or IFN-γR2 (10μg/mL) for 1 h prior to the addition of
the CD56+ T SN. Goat IgG was used as a control IgG to determine the specificity of the
antibodies to IFN-γR. HCV RNA levels in Huh7.5.1 cells were determined at 48 h post
exposure to CD56+ T SN. Total cellular RNA extracted from Huh7.5.1 cells was subjected
to the real-time RT-PCR for HCV and GAPDH RNA quantification. The data are expressed
as HCV RNA levels relative (%) to control cultures (no antibody treatment and no CD56+ T
SN added, which is defined as 100). The results shown are mean ±SD of triplicate cultures,
representative of three separate experiments (* p<0.05, ** p<0.01).
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Fig. 6. The effect of CD56+ T supernatant (SN) on the expression of STATs and IRFs in human
hepatocytes
(A) IRF mRNA expression in human hepatocytes. Huh7.5.1 cells were cultured in the
presence or absence of CD56+ T SN (50%, v/v) for 24h. Total cellular RNA extracted from
cell cultures was subjected to the real-time RT-PCR for IRF and GAPDH RNA
quantification. The data are expressed as IRF mRNA levels relative (fold) to the control
(without CD56+ T SN treatment, which is defined as 1). The results shown are mean ± SD
of triplicate cultures, representative of three experiments (*p<0.05, ** p<0.01). (B) STAT/
IRF protein expression in human hepatocytes. HCV JFH-1-infected cells at day 3
postinfection were cultured in the presence or absence of CD56+ T SN (50%, v/v) for 48h.
Total proteins extracted from cell cultures at indicated timepoints were subjected to Western
blot assay using the antibodies against HCV NS3, STAT-1, STAT-2, IRF-1, IRF-3, IRF-5,
IRF-7, IRF-8, IRF-9, and GAPDH.
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Fig. 7. CD56+ T supernatant (SN) or IFN-γ induces intracellular expression of IFN-α/β
Huh7.5.1 cells or primary human hepatocytes were cultured in the presence or absence of
CD56+ T SN (50%, v/v) or IFN-γ (200U/mL) for 24h. Total cellular RNA extracted from
cell cultures was subjected to the real-time RT-PCR for IFN-α, IFN-β and GAPDH RNA
quantification. The data are expressed as IFN-α (A) or IFN-β (B) mRNA levels relative
(fold) to the control (without CD56+ T SN and IFN-γ treatment, which is defined as 1). The
results shown are mean ±SD of triplicate cultures, representative of three experiments
(*p<0.05, ** p<0.01). (C) Antibody to IFN-α/β R1 blocks CD56+ T cell-mediated anti-HCV
activity in Huh7.5.1 cells. HCV JFH-1-infectd Huh7.5.1 cells were incubated with or
without goat anti-IFN-α/β R1 (10μg/mL) for 1 h prior to the treatment with CD56+ T SN.
IFN-γ (200U/ml) or IFN-α (20U/mL) treatment of human hepatocytes was used as the
controls. Goat IgG was used as a control IgG to determine the specificity of the antibody to
IFN-α/β R1. HCV RNA levels in Huh7.5.1 cells were determined at 48h post exposure to
CD56+ T SN. Total cellular RNA extracted from Huh7.5.1 cells was subjected to the real-
time RT-PCR for HCV and GAPDH RNA quantification. The data are expressed as HCV
RNA levels relative (%) to control (no antibody and CD56+ T SN treatment, which is
defined as 100). The results shown are mean ±SD of triplicate cultures, representative of
three separate experiments (* p<0.05, ** p<0.01).
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Fig. 8. The effect of CD56+ T supernatant (SN) on the expression of miRNAs
Huh7.5.1 cells or primary human hepatocytes were cultured in the presence or absence of
CD56+ T SN (50%, v/v) for 6h. Total cellular RNA extracted from cell cultures was
subjected to the real-time RT-PCR for miRNA-122 (A) and miRNA-196a (B)
quantification. The data are expressed as miRNA levels relative (fold) to the control
(without CD56+ T SN treatment, which is defined as 1). The results shown are mean ±SD of
triplicate cultures, representative of three experiments (*p<0.05, ** p<0.01).
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Table 1

Primers for Real-Time RT-PCR

Primer Orientation Sequence

GAPDH
Sense: 5′-GGTGGTCTCCTCTGACTTCAACA-3′

Antisense: 5′-GTTGCTGTAGCCAAATTCGTTGT-3′

HCV
Sense: 5′-RAYCACTCCCCTGTGAGGAAC -3′

Antisense: 5′-TGRTGCACGGTCTACGAGACCTC -3′

IFN-α
Sense: 5′-TTTCTCCTGCCTGAAGGACAG-3′

Antisense: 5′-GCTCATGATTTCTGCTCTGACA-3′

IFN-β
Sense: 5′-AAAGAAGCAGCAATTTTCAGC-3′

Antisense: 5′-CCTTGGCCTTCAGGTAATGCA-3′

IFN-γ
Sense: 5′-AGAAAAATAATGCAGAGCCAAATT-3′

Antisense: 5′-TGACTCCTTTTTCGCTTCCCTGTT-3′

CXCL-9
Sense: 5′-TGCAATGAACCCCAGTAGTGA-3′

Antisense: 5′-GGTGGATAGTCCCTTGGTTGG-3′

IRF-1
Sense: 5′-TGAAGCTACAACAGATGAGG-3′

Antisense: 5′-AGTAGGTACCCCTTCCCATC-3′

IRF-3
Sense: 5′-ACCAGCCGTGGACCAAGAG-3′

Antisense: 5′-TACCAAGGCCCTGAGGCAC-3′

IRF-5
Sense: 5′-AAGCCGATCCGGCCAA-3′

Antisense: 5′-GGAAGTCCCGGCTCTTGTTAA-3′

IRF-7
Sense: 5′-TGGTCCTGGTGAAGCTGGAA-3′

Antisense: 5′-GATGTCGTCATAGAGGCTGTTGG-3′

IRF-8
Sense: 5′-GGAGTGCGGTCGCTCTGAAA-3′

Antisense: 5′-GTCGTAGGTGGTGTACCCCGTCA-3′

IRF-9
Sense: 5′-GCATCAGGCAGGGCACGCTGCACC-3′

Antisense: 5′-GCCTGCATGTTTCCAGGGAATCCG-3′
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Table 2
Up-Regulated Genes in JAK/STAT Pathway by CD56+ T Supernatant

Gene array analysis of CD56+ T SN-regulated genes in JAK/STAT pathway in primary human hepatocytes
Primary human hepatocytes were incubated with or without CD56+ T SN (50%, v/v) for 6h. Total RNA was
harvested and subjected to the gene array using RT2 ProfilerTM PCR Array System (SuperArray Bioscience
Corporation). Data analysis was performed using Data-Analysis-Template from Superarray Bioscience
Corporation. The genes which displayed less than 2-fold up- or down-regulation relative to that of the control
group were omitted. The CD56+ T SN up-regulated about 24 genes (Table 2) and down-regulated 10 genes
(Table 3) over 2-fold in JAK/STAT pathway.

Gene Description Fold

CXCL9 Chemokine (C-X-C motif) ligand 9 112.99

NOS2A Nitric oxide synthase 2A (inducible, hepatocytes) 73.01

IFNG Interferon, gamma 43.41

IL2RA Interleukin 2 receptor, alpha 31.34

GBP1 Guanylate binding protein 1, interferon-inducible, 67kDa 22.78

CSF2RB Colony stimulating factor 2 receptor, beta, low-affinity
(granulocyte-macrophage) 12.21

IRF-1 Interferon regulatory factor 1 11.08

IL20 Interleukin 20 8.11

JAK3 Janus kinase 3 (a protein tyrosine kinase, leukocyte) 4.53

JAK2 Janus kinase 2 (a protein tyrosine kinase) 4.41

ISG15 ISG15 ubiquitin-like modifier 4.29

STAT1 Signal transducer and activator of transcription 1, 91kDa 4.00

FCGR1A Fc fragment of IgG, high affinity Ia, receptor (CD64) 3.86

STAT5A Signal transducer and activator of transcription 5A 3.27

CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 2.55

MMP3 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 2.51

OSA1 2′,5′-oligoadenylate synthetase 1, 40/46kDa 2.50

IL10 RA Interleukin 10 receptor, alpha 2.33

ISGF3G Interferon-stimulated transcription factor 3, gamma 48kDa 2.27

OSM Oncostatin M 2.27

STAT2 Signal transducer and activator of transcription 2, 113kDa 2.20

JUN Jun oncogene 2.17

SH2B2 SH2B adaptor protein 2 2.07

JUNB Jun B proto-oncogene 2.04
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Table 3
Down-Regulated Genes in JAK/STAT Pathway by CD56+ T Supernatant

Gene array analysis of CD56+ T SN-regulated genes in JAK/STAT pathway in primary human hepatocytes
Primary human hepatocytes were incubated with or without CD56+ T SN (50%, v/v) for 6h. Total RNA was
harvested and subjected to the gene array using RT2 ProfilerTM PCR Array System (SuperArray Bioscience
Corporation). Data analysis was performed using Data-Analysis-Template from Superarray Bioscience
Corporation. The genes which displayed less than 2-fold up- or down-regulation relative to that of the control
group were omitted. The CD56+ T SN up-regulated about 24 genes (Table 2) and down-regulated 10 genes
(Table 3) over 2-fold in JAK/STAT pathway.

Gene Description Fold

PRLR Prolactin receptor -5.62

F2R Coagulation factor II (thrombin) receptor -2.89

SH2B1 SH2B adaptor protein 1 -2.81

BCL2L1 BCL2-like 1 -2.55

PIAS1 Protein inhibitor of activated STAT, 1 -2.53

GHR Growth hormone receptor -2.43

SIT1 Signaling threshold regulating transmembrane adaptor 1 -2.41

INSR Insulin receptor -2.39

CSF1R Colony stimulating factor 1 receptor, formerly McDonough feline
sarcoma viral (v-fms) oncogene homolog -2.14

SRC V-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
(avian) -2.04
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