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Introduction

Summary

Host immune responses must be tightly regulated by an intricate balance
between positive and negative signals while fighting pathogens; persistent
pathogens may usurp these regulatory mechanisms to dampen host
immunity to facilitate survival in vivo. Here we report that Tim-3, a nega-
tive signalling molecule expressed on monocytes and T cells, is up-regu-
lated on natural killer (NK) cells in individuals chronically infected with
hepatitis C virus (HCV). Additionally, the transcription factor T-bet was
also found to be up-regulated and associated with Tim-3 expression in
NK cells during chronic HCV infection. MicroRNA-155 (miR-155), an
miRNA that inhibits signalling proteins involved in immune responses,
was down-regulated in NK cells by HCV infection. This Tim-3/T-bet
over-expression and miR-155 inhibition were recapitulated in vitro by
incubating primary NK cells or NK92 cell line with Huh-7 hepatocytes
expressing HCV. Reconstitution of miR-155 in NK cells from HCV-
infected patients led to a decrease in T-bet/Tim-3 expression and an
increase in interferon-y production. Blocking Tim-3 signalling also
enhanced interferon-y production in NK cells by improving signal trans-
ducer and activator of transcription-5 phosphorylation. These data indi-
cate that HCV-induced, miR-155-regulated Tim-3 expression regulates NK
cell function, suggesting a novel mechanism for balancing immune clear-
ance and immune injury during chronic viral infection.

Keywords: hepatitis C virus; interferon-y; microRNA-155; natural killer
cells; signal transducer and activator of transcription-5; T-cell immunoglo-
bulin and mucin domain protein-3.

cocktail is still in development and already facing new
issues such as viral mutation, relapse and re-infection fol-

Host immune responses must be tightly regulated by an
intricate balance between positive and negative signals to
ensure their appropriate onset and termination while
fighting pathogens and avoiding autoimmunity; persistent
pathogens may usurp these regulatory machineries to
dampen host immune responses for their survival in vivo.
Hepatitis C virus (HCV), a blood-borne viral infection
characterized by a high rate of chronic infection, has
evolved multiple strategies to evade host immunity, so
becoming an excellent model to study the mechanisms of
persistent viral infections."”> Although the use of direct
antiviral agents has resulted in a significant improvement
in the outcome of HCV treatment, this therapeutic
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lowing therapy.™* Additionally, the lack of a vaccine for
this virus is a major hurdle to control this global infec-
tion. The failure to successfully manage this chronic viral
infection and to develop an effective vaccine stems from
our incomplete understanding of the correlates of host
immunity to HCV and of the HCV-host interactions that
permit viral persistence.

Natrual killer (NK) cells represent the first line of host
defence against invading pathogens. Human NK cells
comprise CD56"8" and CD56%™ subsets, which differ in
their maturation status, proliferative capacity, cytotoxic
activity and cytokine production.”® They generally
become activated in an early phase of viral infection, and
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play an essential role in eliminating HCV-infected cells
directly by cytolytic killing and indirectly by secreting
cytokines.””® They also interact with professional dendritic
cells and virus-specific T cells in implementing antiviral
immunity.” The antiviral activity of NK cells is regulated
through surface NK receptors, including the inhibitory
killer immunoglobulin-like receptors, the leucocyte
immunoglobulin-like receptors, cytotoxicity receptors
NKp30, NKp44, NKp46, and C-type lectin-like receptors
CD94/NKG2, which comprise inhibitory (NKG2A) or
activating (NKG2C/NKG2D) isoforms.”® Not surpris-
ingly, HCV has evolved multiple strategies to counter-reg-
ulate the host’s NK cellular responses by altering the
expression of these inhibitory and stimulatory receptors,
contributing to the pathogenesis and progression of liver
disease.'"” '* Notably, aberrant NK activities may also
contribute towards liver injury.” Therefore, further studies
are required to understand how NK cells are fine-tuned
during host defence and in liver injury during HCV
infection.

Tim-3, a member of T-cell immunoglobulin and mucin
domain proteins (Tim), represents a major mechanism to
maintain the balance between positive and negative sig-
nals to ensure adequate immune protection against
pathogens, and yet prevent over-activation of lympho-
cytes, and hence immune-injury or autoimmunity.'” "
Compelling evidence is emerging for the role of Tim-3 in
peripheral immune tolerance, autoimmune response,
anti-tumour and antiviral immune evasion, which has
raised the possibility that a therapeutic strategy targeting
this inhibitory pathway might be of clinical benefit,
including for those with HCV infection."> "> Although
Tim-3 has been identified as an inhibitory receptor pref-
erably expressed on exhausted T helper type 1 cells, its
role in innate immune modulation remains less under-
stood. We and others have previously demonstrated that
Tim-3 is up-regulated on both monocytes and T cells and
negatively regulates innate and adaptive immune
responses during HCV infection.'®** Additionally, Tim-3
has been shown to regulate NK functions in healthy sub-
jects and in chronic viral (HBV, HIV) infections.?' * The
role of Tim-3 expression and control of NK cell functions
during HCV infection remains largely unknown.

MicroRNAs (miRNAs or miR) are a class of small,
non-coding RNAs that can regulate gene expression

Table 1. Demographic features of the study subjects

through translational repression and have been implicated
as negative regulators of innate and adaptive immune
responses.”” >’ miR-155 has been identified as a key mod-
ulator of cell functions in both innate and adaptive
immunity.”® *> Recent studies have reported that miR-
155 is regulated in monocytes, NK cells and hepatocytes
and acts as a positive regulator of inflammation in
chronic HCV infection.*® *® Transcription of miR-155 is
regulated by nuclear factor-kB (NF-xB), and p300
increased NF-xB-dependent miR-155 expression.”” Over-
expression of miR-155 can inhibit cell apoptosis and pro-
mote cell proliferation, whereas miR-155 inhibition
induces G,/G; arrest.>” The mechanisms for miR-155 reg-
ulation of NK cell function during chronic viral infection,
however, remain to be determined.

In this study, we examined Tim-3 and miR-155 expres-
sions in NK cells and assessed their effect on NK inter-
feron-y (IFN-y) production in individuals with chronic
HCV infection. We found that Tim-3 expression was up-
regulated, whereas miR-155 was down-regulated, by HCV
infection. Reconstitution of miR-155 or blocking Tim-3
signalling enhanced IFN-y production in NK cells by
improving signal transducer and activator of transcription
5 (STAT-5) phosphorylation. These results suggest that
HCV-induced, miR-155-regulated Tim-3 expression nega-
tively regulates NK cell function in chronic viral infec-
tion.

Materials and methods

Subjects

The study protocol was approved by the institutional
review board of East Tennessee State University and
James H. Quillen VA Medical Center (ETSU/VA IRB,
Johnson City, TN), which have contributed to a database
for the storage of blood samples taken from HCV-
infected individuals for the purpose of viral immunology
studies. As shown in Table 1, the study participants com-
prised three populations: (i) 36 chronically HCV-infected
patients, HCV genotype (70% type 1, 30% type 2 or 3)
and viral load (ranging from 12 300 to 500 000 IU/ml)
were performed by Lexington VA Medical Center (Lex-
ington, KY), and all subjects were virologically and sero-
logically positive for HCV before the antiviral treatment;

Medications used

Group No. of subjects Mean age % of male % of genotype 1 HCV RNA (IU/ml) for HCV treatment
HCV-infected patients 36 53 (31-69) 96 70 23 000-50 000 000 N/A

HCV-treated patients (SVR) 8 53 100 N/A N/A PegIFN + RBV =+ Boceprevir
Healthy subjects 19 47 84 N/A N/A N/A

HCYV, hepatitis C virus; N/A, not applicable; PegIFN, pegylated interferon; RBV, ribavirin; SVR, sustained virological response.
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(ii) eight HCV participants who achieved a sustained vi-
rological response (SVR) following antiviral therapy with
pegylated interferon plus ribavirin and/or boceprevir; and
(iii) 19 healthy subjects (HS; buffy coat derived from Key
Biologics LLC, Memphis, TN) who were negative for
HBV, HCV and HIV infection. Written informed consent
was obtained from all participants. Most of the study
subjects were male. The mean ages of the three popula-
tions was comparable (P > 0-05).

Cell isolation and culture

Human peripheral blood mononuclear cells (PBMCs)
were isolated from the peripheral blood of study subjects
by Ficoll-density centrifugation with lympho-H (Atlanta
Biological, Lawrenceville, GA). Where indicated,
CD3~ CD56" NK cells were purified from PBMCs by
negative selection according to the manufacturer’s
instructions (purity > 95%; Miltenyi Biotec Inc., Auburn,
CA). The cells were cultured in RPMI-1640 medium con-
taining 200 U/ml IL-2 (eBioscience, San Diego, CA), 10%
fetal bovine serum (Atlanta Biologicals, Flowery Branch,
GA), 100 IU/ml penicillin  and 2 mm r-glutamine
(Thermo Scientific, Logan, UT) at 37° and 5% CO,
atmosphere. The human IL-2-dependent NK cell line
NK-92 (ATCC® CRL2407tM, Manassas, VA) was main-
tained in culture Medium minimal essential medium-o
(Gibco, Grand Island, NY), supplemented with 12-5%
heat-inactivated fetal bovine serum (Invitrogen, Carlsbad,
CA) and 12:5% horse serum, 2 mm L-glutamine and
200 U/ml recombinant human IL-2 (hIL-2_, 0-2 mm
inositol (Hoffman-LaRoche, Basel, Switzerland); 0-1 mm
2-mercaptoethanol (Hoffman-LaRoche); 0-02 mm folic
acid (Hoffman-LaRoche) per ATCC instructions.

Co-culture of human primary NK cells or NK-92 cells
with HCV*' or HCV™ Huh-7 hepatocytes

Transfection of Huh-7 hepatocytes (kindly provided by
Dr T.J. Liang, Liver Section, NIH/NIDDK) with HCV
JFH-1 strain (kindly provided by Dr T. Wakita) was car-
ried out as described previously.'® RNA transfection con-
trol as well as non-transfected control was carried out to
assess the potential effects of RNA on the co-cultured
cells in our preliminary studies. Before the co-culture
experiment, HCV" or HCV~ Huh-7 hepatocytes were
serum-starved for 18 hr, then activated with recombinant
human IFN-y (rhIFN-y; (0-1 pg/ml; R&D Systems, Min-
neapolis, MN) for 48 hr to boost the HCV replication.'
Activated hepatocytes were removed from plates with
0-05% trypsin~-EDTA and then plated at 5 x 10° cells/
well in a six-well plate. Purified human primary NK cells
or NK-92 cells were then incubated with the adherent he-
patocytes in RPMI-1640 or minimal essential medium
containing 200 U/ml IL-2 (eBioscience) and/or 100 ng/ml
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IL-18 (MBL Co., Woburn, MA) for an additional 48 hr,
and the expression levels of Tim-3, T-bet and IFN-y were
analysed by flow cytometry as described below. MicroR-
NA from NK cells was extracted 6 hr following co-culture
and microRNA155-5p was analysed by real-time PCR as
described below.

Flow cytometry

Procedures for detection of cell surface markers and
intracellular  cytokine staining were performed as
described previously.'® ' Briefly, human PBMCs, purified
NK cells, or NK-92s (0-2 x 10° per well in a 96-well
plate) were stimulated with 10 ng/ml IL-12 (eBioscience)
and 100 ng/ml IL-18 (MBL Co.) for 24 hr, followed by
1 pg/ml Brefeldin A (BioLegend, San Diego, CA) 5 hr
before harvesting the cells to forbidden cytokine secretion.
Cell surface markers were stained with specific conjugated
anti-CD3-phycoerythrin, CD56-Peridinin chlorophyll pro-
tein 710, Tim-3-allophycocyanin antibodies (eBioscience,
F38-2E2). Alexa Fluor 488-conjugated KLRG1 (13F12)
was a gift from Dr Hanspeter Pircher. For intracellular
staining, the cells were fixed and permeabilized with
Inside Stain Kit (Miltenyi Biotec), followed by incubation
with conjugated anti-IFN-y-phycoerythrin (Miltenyi Bio-
tec Inc.), T-bet-Peridinin chlorophyll protein 710. Iso-
type-matched controls (eBioscience) were used to
determine the level of background staining; the fluores-
cence minus one strategy was used to determine back-
ground levels of staining and to adjust multicolour
compensation for cell gating. The cells was sorted on an
Accuri C6 flow cytometer (BD, Franklin Lakes, NJ) and
analysed using FLowjo software (7-6-1, Ashland, OR).

Real-time RT-PCR

Total RNA isolated from NK cells with or without IL-2
stimulation was extracted using RNAzol®RT (Molecular
Research Center, Inc., Cincinnati, OH). The cDNA was
generated according to the manufacturer’s recommenda-
tions per TagMan MicroRNA reverse transcription kit
using primers specific for miR-155 and U6 as control
(TagMan, Grand Island, NY). Levels of miRNA levels
quantified by real-time PCR (4800 PCR machine; Bio-
Rad Systems, Hercules, CA) using specific miR-155 and
snRU6 primer sets and TagMan Universal Master Mix
(both from Applied Biosystems). Data for miR-155 tran-
script levels were analysed per comparative CT, normal-
ized to snRUG6 levels, and expressed as fold changes using
the 274" method.

NK cell transfections
Purified human NK cells from HCV patients or NK-92

cells were transfected with 30 pmol of miR-155 mimic or
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the negative control (Life Technologies, Grand Island,
NY) using the Human NK Nucelofector Kit and Nucleo-
fector I Device (Lonza, Allendale, NJ). Transfection effi-
ciency was approximately 20% for primary NK cells (50%
in naive CD4" T cells and 60% in monocytes) as deter-
mined by the transfection of a fluorescently labeled nega-
tive miRNA control. Transfection efficiency was also
assayed by measuring miR-155 transcript levels following
transfection. After transfection, NK cells were cultured in
Iscove’s modified Eagles’s medium medium (Lonza, Basel,
Switzerland) supplemented with 10% fetal bovine serum,
200 U/ml IL-2 for 48 hr, further stimulated with 10 ng/
ml IL-12 and 100 ng/ml IL-18 for 24 hr as described
above before harvest for Tim-3 and T-bet, IFN-y mea-
surement.

Tim-3 blockade

Purified NK cells from HCV patients and healthy subjects
were incubated with 10 pg/ml LEAFT™ anti-human Tim-
3 antibody and/or anti-human KLRG-1 (3 pg/ml, from
Dr Hanspeter Pircher) or control IgG (BioLegend) for
48 hr, followed by stimulation with IL-12 and IL-18 for
24 hr as described above, then subjected to flow cytomet-
ric analysis of IFN-y. For flow cytometric analysis of p-
STAT5, NK cells from HCV patients were blocked with
LEAFt™ anti-human Tim-3 antibody or control IgG (Bio-
Legend) for 54 hr, then stimulated with 100 ng/ml IL-15
(eBioscience) for 18 hr, followed by 1 pg/ml Brefeldin A
(BioLegend) 5 hr before harvesting the cells, after which
the cells were pulsed with 10 ng/ml IL-15 (eBioscience)
for 30 min. The NK cells were fixed and permeabilized
with ice-cold 90% methanol, and sequentially incubated
with p-STAT5-Peridinin chlorophyll protein 710 (eBio-
science) for 1 hr at room temperature. The cells was
sorted on an Accuri C6 flow cytometer (BD) and analy-
sed using FLowjo software (7.6.1).

Western blot analysis

The Tim-3 or control IgG-treated NK cells from HCV-
infected individuals were lysed on ice in RIPA lysis buffer
(Boston BioProducts Inc, Ashland, MA) in the presence of
protease inhibitors (Thermo Scientific, Rockford, IL). Cell
lysates were centrifuged for 10 min at 4°, supernatants were
recovered and the protein concentrations were measured
by Pierce BCA protein assay kit (Thermo Scientific). Pro-
teins were separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes. Membranes were
blocked with 5% milk, 0-5% Tween-20 in Tris-buffered sal-
ine, and incubated with the anti-phosphorylated STAT5
(Cell Signaling Technology, Inc, Danvers, MA). Appropri-
ate horseradish peroxide-conjugated secondary antibody
(Cell Signaling) was then used and proteins were detected
enhanced chemiluminescence

using an assay kit
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(Amersham, Piscataway, NJ). Membranes were stripped
and re-probed with total STAT5 antibody as an internal
control (Cell Signaling). Protein bands were captured and
quantitatively analysed by a Chemi Docrm MP Imaging
System (Bio-Rad System).

Statistical analysis

Study results are summarized for each group and results
are expressed as the mean + standard deviation (SD).
Comparison between two groups was performed by mul-
tiple comparisons testing/least significant difference or
Tukey’s procedure depending on the analysis of variance
F test prisM software (version 4; GraphPad Software, San
Diego, CA) by a non-parametric Mann—Whitney U-test.
A pairwise t-test was used to compare the significance of
changes in Tim-3 blockade or miR-155 transfection
experiments. Correlation between Tim-3 and T-bet
expression in NK cells was analysed using a Pearson Cor-
relation program. Values of P < 0-05 were considered sig-
nificant.

Results

Tim-3 is up-regulated on NK cells, which are
significantly reduced in HCV-infected individuals

Compromised NK cell functions have been reported in
chronically HCV-infected individuals, whereas normaliza-
tion of depressed NK activity after antiviral therapy is
associated with a low frequency of relapse and improved
SVR.'”'* To characterize the effect of HCV infection on
NK cells, we first compared the cell frequency of
CD3™ CD56" NK cells in the gated lymphocytes in
PBMCs from 26 HCV-infected patients, six SVR individ-
uals following antiviral treatment, and six HS. As shown
in the representative dot plots and summary data in
Fig. 1(a,b), CD3~ CD56" NK lymphocyte frequencies in
patients with chronic HCV infection were significantly
reduced compared with SVR and HS; whereas there was
no difference between SVR and HS. These results suggest
that HCV infection reduces NK cell numbers, and suc-
cessful antiviral therapy recovers the HCV-induced NK
cell discrepancy.

Human NK cells are divided into two subsets,
CD56™" and CD56%™, through their expression levels
of CD56. Approximately 90% of peripheral blood NK
cells belong to the CD56%™ subsets that are mainly cyto-
Iytic, and the remaining 10% of NK cells are CD56""&h"
subsets, which primarily produce cytokines.”® To deter-
mine the effect of Tim-3 on NK cells during HCV infec-
tion, we examined Tim-3 expression on gated total NK
cells, as well as CD56"¢" and CD56%™ subsets, in
PBMCs from 23 chronically HCV-infected patients, eight
SVR individuals, and six HS. The representative dot plots

© 2015 John Wiley & Sons Ltd, Immunology, 145, 485-497
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Figure 1. Tim-3 is up-regulated on natural killer (NK) cells by hepatitis C virus (HCV) infection. (a) Representative flow cytometric plots for
Tim-3 expressions on CD3~ CD56° /4™ NK cells from chronically HCV-infected individuals, participants with a sustained virological response
(SVR) following antiviral therapy, and healthy subjects (HS). Peripheral blood mononuclear cells (PBMCs) were first gated on lymphocytes, then
CD3~ CD56" NK cells, and CD56"8" CD56%™ subsets. Percentage of cell frequency in the gated area is shown. (b) Summary data showing the
percentages of CD3~ CD56" NK cells in the gated lymphocyte populations from three groups of subjects. Each dot represents one individuals
and horizontal bar represents mean value. *P < 0-05. (c¢) Summary data showing the percentages and mean fluorescence intensity (MFI) of Tim-
3 expression in total CD3~ CD56" NK cells, CD3~ CD56™8" and CD3~ CD56%™ subsets. Each dot represents one individual and horizontal
bar represents mean value. ¥*P < 0-05, **P < 0-01. (d) Representative flow cytometric plots, and summary data for Tim-3 and KLRG-1 expres-

sions on CD3~ CD56" NK cells from 18 HCV patients and 6 HS. *P < 0-05.

and summary data of the percentage as well as the mean
fluorescence intensity (MFI) of Tim-3" cell frequency on
total CD56%, CD56""€", CD56%™ NK cells are shown in
Fig. 1(a,c). Of note, Tim-3 expression in chronically
HCV-infected individuals was significantly elevated, not
only on CD3” CD56" NK cells, but also on
CD3~ CD56™8" and CD3~ CD56"™ NK subsets, com-
pared with SVR and HS. Notably, Tim-3 levels on NK
cells were decreased in SVR subjects following antiviral
therapy, but were not completely restored to the levels
seen in HS. This is shown by a residually elevated per-
centage as well as MFI of Tim-3" NK cells, albeit the dif-
ference of MFI for Tim-3 expression was not statistically
significant between SVR and HS. These results indicate
that HCV infection up-regulates Tim-3 expression, and

© 2015 John Wiley & Sons Ltd, Immunology, 145, 485-497

antiviral therapy in individuals with SVR reduces Tim-3
expression on NK cells.

We have previously shown that Killer cell lectin-like
receptor subfamily G member 1 (KLRG-1), a negative sig-
nalling molecule expressed on lymphocytes, is up-regulated
on NK cells from HCV-infected patients; however, block-
ing KLRG-1 signalling only partially restored NK cell func-
tions.” Here we demonstrated that both KLRG-1 and
Tim-3 were up-regulated and could co-express on
CD3™ CD56" NK cells from HCV patients versus HS
(Fig. 1d). Whether these Tim-3 (an exhaustion marker)
and KLRG-1 (an aging or senescence marker) double-posi-
tive cells present a distinct population of NK cells that may
lead to more dysfunction through two separate but cross-
talking signalling pathways is under further investigation.
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Increased Tim-3 expression is associated with T-bet
up-regulation and IFN-y inhibition in NK cells during
HCV infection

T-bet has been shown as transcription factor for Tim-3 in
T helper type 1 cells and to control key checkpoints of
NK cell maturation for immune responses.’>*! To deter-
mine the role of T-bet in Tim-3 regulation, we examined
the expression of T-bet, along with Tim-3, in NK cells
from HCV-infected patients and HS. As the representative
dot plots, summary data of MFI, and correlation analysis
shown in Fig. 2(a), T-bet was up-regulated during
chronic HCV infection and closely associated with the
Tim-3 expression level.

The increased Tim-3 expression might be a result,
rather than a cause, of NK cell dysregulation during HCV
infection. Additionally, the driving force for Tim-3

up-regulation in HCV infection remains to be deter-
mined. To further elucidate the role of HCV in the regu-
lation of Tim-3 expression, we employed a newly
established cell culture system by transfecting Huh-7 he-
patocytes with the HCV-JFH-1 strain in vitro to mimic
the in vivo setting of early HCV infection. The expression
of HCV in this cell co-culture system has been described
previously.'® To this end, purified CD56" or
CD16" CD56" NK cells from HS were co-cultured with
HCV-transfected or untransfected Huh-7 hepatocytes for
48 hr, followed by flow cytometric analysis for Tim-3
expression. In line with the data observed in natural HCV
infection, HCV-expressing Huh-7 cells significantly
enhanced Tim-3 expression in co-cultured CD56" (data
not shown) or CD16" CD56" NK cells (Fig. 2b). The
results are consistent with reports by us and other investi-
gators using this short-term co-culture system to study
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Figure 2. Increased Tim-3 expression is associated with T-bet up-regulation and interferon-y (IFN-y) inhibition in natural killer (NK) cells dur-
ing hepatitis C virus (HCV) infection. (a) Representative flow cytometric dot plots, summary data, and correlation analysis of T-bet and Tim-3
expressions in CD3~ CD56" NK cells from HCV-infected individuals and healthy subjects (HS). Each symbol represents one individual and hori-
zontal bar represents mean value. *P < 0-05, **P < 0-01. (b) Up-regulation of Tim-3 expression on NK cells incubated with HCV-transfected
(HCV") or untransfected (HCV™) Huh-7 hepatocytes. Purified human CD16" CD56" NK cells (purity >95%) were co-cultured with HCV*
Huh-7 (red line) and HCV™ Huh-7 cells (green line) for 48 hr, followed by flow cytometry analysis (histogram) of Tim-3 expression on NK cells.
Summary data from six independent experiments are shown. *P < 0-05. (c) Tim-3 expression on NK92 cells co-cultured with HCV" Huh-7 and
HCV™ Huh-7 cells. Medians, 25th and 75th centiles as boxes and 10th and 90th centiles as whiskers are shown for the Tim-3 expression summa-
rized from three independent experiments. *P < 0-05. (d) IFN-y expression in NK92 cells co-cultured with HCV* Huh-7 and HCV~ Huh-7 cells.
Summary data from three independent experiments are shown. *P < 0-05.
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the effects of HCV on human primary cells; these studies
demonstrated that monocytes, NK cells and T cells co-
cultured with HCV*' Huh7 cells express higher levels of
negative signalling molecules, such as programmed death-
1 and Tim-3, but lower levels of type I cytokines, such as
IL-12, IL-2 and IFN-y, compared with those co-cultured
with HCV™ Huyh7.'¢173%4

In addition to primary NK cells, we also examined the
expression of Tim-3 and T-bet in NK92 cells co-cultured
with HCV*'~ hepatocytes. As shown in Fig. 2(c), proba-
bly because of the difference between proliferating cell
line and primary NK cells, T-bet was highly expressed in
the IL-2/IL-18-stimulated NK92 cells and so no difference
was identified between HCV-positive and HCV-negative
cultures. However, Tim-3 was found to be up-regulated,
whereas IFN-y was inhibited, significantly, in NK92 cells
co-cultured with Huh-7 cells expressing HCV (Fig. 2d),
suggesting that HCV may induce Tim-3 expression to
inhibit NK cell function upon activation.

miR-155 is down-regulated in NK cells from
chronically HCV-infected individuals

miR-155 has been shown to be regulated in monocytes, NK
cells, and hepatocytes and functions as a positive regulator

Human NK cells

—
()
=

IL-2 stimulated Human NK cells
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of inflammation in chronic HCV infection.’*® To further
determine the effect of miR-155 in NK cells during HCV
infection, we measured miR-155 levels in CD3~ CD56"
NK cells isolated from PBMCs of 19 chronically HCV-
infected individuals and eight HS, using real-time RT-PCR.
As shown in Fig. 3(a; left panel), miR-155 expression in
NK cells from HCV-infected patients was down-regulated,
almost 10-fold, when compared with that in NK cells from
HS. As NF-xB-dependent miR-155 expression has been
shown to be a feedback mechanism preventing cell over-
activation,”® we also examined miR-155 expression in NK
cells stimulated with rhIL-2. As shown in Fig. 3(a; right
panel), miR-155 levels were fivefold down-regulated in
HCV patients versus HS following IL-2 stimulation.

To further illustrate the effect of IL-2 stimulation on
miR-155 expression in NK cells, we plotted the trend of
miR-155 expression in NK cells with and without IL-2
stimulation in HCV patients and HS, respectively. Inter-
estingly, although the miR-155 expression in NK cells
from HS decreased upon IL-2 stimulation, which is
consistent with the notion of miR-155 being a brake for
cell activation,'® its expression was increased in NK cells
from chronically HCV-infected individuals following IL-2
stimulation (Fig. 3b). Again, to determine the role of
HCV in regulation of miR-155, we measured its levels in
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Figure 3. MicroRNA-155 (miR-155) is down-regulated in natural killer (NK) cells from individuals chronically infected with hepatitis C virus
(HCV). (a) CD3™ CD56" NK cells were purified from peripheral blood mononuclear cells (PBMCs) isolated from 19 HCV-infected individuals
and eight healthy subjects using magnetic beads. MicroRNAs (miRs) were isolated from NK cells, with or without interleukin-2 (IL-2) stimula-
tion, using the mirVanaTM miR isolation kit. The miR-155 levels were measured by RT-PCR using specific Tagman assays, normalized to snRU6
internal control, and quantified with the 27AA Lelative quantification method. Medians, 25th and 75th centiles as boxes and 10th and 90th cen-
tiles as whiskers are shown for the miR-155 fold changes ***P < 0.001. (b) Relative miR-55 expression level, normalized by U6 (2724CY " in NK
cells from healthy subjects (HS) and HCV subjects before and after IL-2 stimulation are shown. The horizontal bars represent median values. (c)
NK92 cells and primary NK cells were co-cultured with HCV" Huh-7 and HCV™ Huh-7 cells. The miR-155 levels were quantified with the
pmAAe Summary data from three independent experiments are shown. *P < 0-05.
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purified primary NK cells or NK92 cell line incubated
with Huh-7 hepatocytes with or without HCV infection.
As shown in Fig. 3(c), miR-155 levels declined in both
NK cells co-cultured with HCV" Huh-7 cells compared
with those in HCV™ cultures. These findings suggest that
miR-155 is down-regulated in NK cells from patients with
HCV infection and that their response to IL-2 stimulation
is different to that observed in NK cells from HS.

Reconstitution of miR-155 in NK cells enhances IFN-
y production by inhibiting Tim-3/T-bet expression

To better understand the role of miR-155 in NK cell
function, we reconstituted miR-155 by transfecting NK
cells from HCV-infected patients with miR-155 mimic or
negative control, and then measured intracellular IFN-y
expression by flow cytometric analysis. We first examined

the miR transfection efficiency by the methods to be used
(Lonza Human NK Nucelofector Kit and Nucleofector I
Device), and found efficiency of approximately 20% for
primary NK cells, as determined by the transfection of a
fluorescently labelled negative miRNA control. Transfec-
tion efficiency was also assayed by measuring miR-155
transcript levels using real-time PCR and a nearly fivefold
increase of miR-155 levels was found over negative con-
trol in NK cells transfected by miR-155-5p (Fig. 4a).
Reconstitution of miR-155 in NK cells from HCV
patients resulted in an increase of IFN-y levels compared
with cells transfected with negative control (Fig. 4b).
Additionally, reconstitution of miR-155 in NK92 cells sig-
nificantly reduced Tim-3 and T-bet expression, and
enhanced IFN-y expression (Fig. 4c). These results suggest
that miR-155 positively regulates IFN-y expression by NK
cells, probably via the Tim-3 pathway.
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Figure 4. Reconstitution of microRNA-155 (miR-155) in natural killer (NK) cells enhances interferon-y (IFN-y) production by inhibiting Tim-3/
T-bet. (a) Purified CD3~ CD56" NK cells from hepatitis C virus (HCV) infected subjects were transfected by miR-155 mimic and negative con-
trol with a Lonza Human NK Nucelofector Kit and Nucleofector I Device, followed by real-time RT-PCR assay for miR-155 levels to determine
the transfection efficiency. (b) Purified CD3~ CD56" NK cells from HCV subjects were transfected by miR-155 mimic and negative control and
incubated in the presence of interleukin-2 (IL-2) for 48 hr, followed by flow cytometric analysis for intracellular IFN-y production. Representative

dot plots and summary data from three independent experiments are shown. (c) NK92 cells were transfected by miR-155 mimic and negative
control and incubated with HCV' Huh-7 cells in the presence of IL-2 for 48 hr, followed by flow cytometric analysis for Tim-3, T-bet, and IFN-
7 expression. Representative dot plots and summary data from three independent experiments are shown. *P < 0-05.
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Tim-3 blockade reinvigorates NK cells by correcting
the impaired STAT-5 phosphorylation in HCV
infection

miR-155 regulates NK function via Tim-3 signalling

blockade of Tim-3 signalling in NK cells from chronically
HCV-infected individuals increased IFN-y expression by
CD3~ CD56" NK cells from HCV-infected patients, but

not HS, when compared with the cells treated with iso-
type IgG control, indicating that blockade of Tim-3
reverses the functional defects associated with over-
expression of this receptor in the setting of chronic viral
infection. The question remains as to whether this is due
to removal of a negative signal generated by Tim-3/ligand
interactions or a positive signal generated by antibody
interaction with this receptor. As Tim-3 and KLRG-1
were co-expressed on NK cells (Fig. 1d), we also tried to
simultaneously block both Tim-3 and KLRG-1 signalling
with their specific antibodies; unfortunately, no further
improvement of IFN-y production by NK cells was

Given the fact that high levels of Tim-3 expression are
associated with an impaired IFN-y production by NK
cells in the setting of chronic HCV infection, we next
sought to determine whether blockade of Tim-3 signalling
may improve IFN-y production by NK cells from HCV-
infected patients. To this end, purified CD3~ CD56" NK
cells from chronically HCV-infected patients and HS were
incubated with anti-Tim-3 or control IgG antibodies for
48 hr, followed by rhIL-2/IL18 stimulation for an addi-
tional 24 hr, and flow cytometric analysis of IFN-y pro-
duction. As the representative dot plots show in Fig. 5(a),

(a) Healthy subject HCV patient 80 1
0
IgG Anti-Tim3 IgG Anti-Tim3 8 60 - —[—
™ ™ 1M é
800 K 800 K c
800 K +C> 40 4
600 K 600 K 600 K =~
z
400K 400K 400K w 20 4 —
200K 200K 200K ' O\o
LN SRR A TEFer T e e o B 0 T T
10 10" 10 10 10 10 10 10 10 10" 10 10 10" 10’ 10 10 10° 10" 10" 10 10 10 100 10° 10" 10" 10 10 IgG Antl-T|m3 IgG Antl-TlmS
IFN- .
14 Healthy HCV patients

Anti-Tim-3

n
o
)

() I9G

*k

10-4% ™ 17-0%

—_
(&)}
I

800 K

600 K

e
o
1

400 K

200 K

(&)}
1

% p-STAT5" of NK cells

10' 10° 10° 10° 10" 10°

pSTAT-5

10" 10° 10" 10 10" 10°

o

19G Anti-Tim3
HCV patients

1.2

(c) ,
19G a-Tim-3

0-8
0-6

pSTAT-5/Total STATS

0-2

1gG Anti-Tim 3

Figure 5. Tim-3 blockade improves natural killer (NK) cell functions via enhancing signal transducer and activator of transcription 5 (STAT-5)
phosphorylation. (a) CD3~ CD56" NK cells were purified from hepatitis C virus (HCV) -infected patients and healthy subjects, incubated with
anti-Tim-3 or control IgG antibodies for 48 hr, followed by stimulation with interleukin-12 (IL-12) and IL-18 for 24 hr, then subjected to flow
cytometric analysis of intracellular IFN-y expression level. Representative dot plots (left) and the summary (right) percentage of IFN-y production
from four healthy subjects and five HCV patients are shown. **P < 0-01. (b) Purified NK cells from five HCV-infected individuals were treated
with anti-Tim-3 or control IgG antibodies for 54 hr, then stimulated with IL-15 for 18 hr and pulsed with IL-15 for 30 min. Representative dot
plots measuring p-STAT5 production are shown on the left, and the summary average percentage of p-STAT5 production are shown on the
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tometry data from three independent experiments using samples from nine HCV-infected subjects are shown. **P < 0.01.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 485-497 493



Y. Q. Cheng et al.

observed in dual blockade compared with single blockade
alone (data not shown). Nevertheless, these findings sup-
port the notion that Tim-3 negatively controls IFN-y pro-
duction by NK cells during HCV infection.

Recent studies have shown that STAT-5 phosphoryla-
tion plays a pivotal role in cytokine responses and normal
NK functions.*>*® To determine the underlying mecha-
nism for correction of NK cell function by blocking Tim-
3 signalling, we further investigated the phosphorylation
of STAT-5 in NK cell activation with cytokine stimulation
following Tim-3 blockade by flow cytometry Western
blot. As shown in Fig. 5(b,c), blockade of Tim-3 signal-
ling in purified CD3~ CD56" NK cells from chronically
HCV-infected individuals significantly enhanced STAT-5
phosphorylation when compared with cells treated with
control IgG. These results are reproducible in indepen-
dent experiments using purified NK cells from multiple
HCV-infected individuals (n = 5 and n = 6, respectively),
indicating an inhibitory role for Tim-3 in the regulation
of human NK cell functions via the Jak/STAT pathway.

Discussion

Chronic HCV infection is a world-wide infectious disease,
leading to chronic hepatitis, liver cirrhosis and hepatocel-
lular carcinoma. Though the pathogenesis of HCV infec-
tion remains only partly elucidated, it has become evident
that, in addition to viral mutational escape, the dysregula-
tion of innate to adaptive immune responses plays a
major role in viral persistence and disease progression.'
The mechanisms involved in the HCV chronicity include
dysfunction of monocyte and dendritic cells, impairment
or depletion of NK cells, suppression of CD4" and CD8"
effector T cells, and accumulation of Th17 cells and
Foxp3* regulatory T cells."? As NK cells comprise the
first line of host defence against invading pathogens,
reduction of NK cell frequency and cytokine secretion
may contribute significantly to the impaired cellular
immune response and virus persistence in HCV infection.
Despite intensive research on the regulation of NK cell
frequency, phenotype and function during HCV infec-
tion,'”'* the exact mechanisms for contraction of NK
cells with impaired cell function in the setting of HCV
infection are not completely understood.

Natrual killer cells are evolved to recognize pathogens
via cellular receptors expressed in immune cells and
induce a wide spectrum of cytokine gene expressions,
which in turn initiate and shape the inflammatory and
adaptive immune responses in eliminating the invading
pathogens. Meanwhile, pathogen-mediated host immune
responses are double-edged swords, as aberrant activation
of their signalling can be harmful, causing the pathologi-
cal manifestations of inflammatory or autoimmune disor-
ders. Hence, host immune responses must be tightly
regulated by elaborate mechanisms to control their onset
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and termination. On the other hand, pathogens prone to
persistent or latent infection, such as HCV and HIV, have
developed multi-layer strategies to evade or subvert the
host immune responses for their survival in vivo. The
mechanisms for this immune evasion remain to be fully
understood.

Tim-3 is a type 1 membrane protein with a structurally
conserved immunoglobulin variable (IgV) domain and
mucin stalk that connects to an intracellular tail."” "
Whereas Tim-3 has been identified as an inhibitory
receptor preferably expressed on exhausted T helper type
1 cells, its role in innate immune modulation remains
poorly understood. In this study, our results indicate that
Tim-3 plays a pivotal role in the control of NK cell func-
tion during HCV infection. HCV appears to induce Tim-
3 expression on NK cells to disrupt NK IFN-y produc-
tion, as blocking Tim-3 signalling reverses HCV-induced
NK cell dysfunction. It is not clear, however, how the
anti-Tim-3 monoclonal antibody treatment improves NK
cell function. We suspect that either Tim-3 ligands are
also expressed on NK cells and anti-Tim-3 monoclonal
antibody blocks the binding sites; or antibody ligation of
Tim-3 itself delivers positive signalling and reverses the
unresponsiveness of NK cells from virally infected indi-
viduals. As Tim-3 ligands are up-regulated on HCV-
infected hepatocytes and antigen-presenting cells,***” we
believe that interference of the interaction of NK Tim-3
with its ligands on accessory cells, rather than a direct
activation of NK cells, is likely to be the mechanism for
NK functional recovery by anti-Tim-3 treatment. Indeed,
our preliminary data revealed that NK cells treated with
anti-Tim-3 alone without rhIL-2 stimulations failed to
secrete IFN-7y, suggesting that the blocking antibody
inhibits negative signalling by Tim-3 rather than directly
activating NK cells; however, removing a brake without a
driving force, i.e. IL-2 stimulation, yields little and its
effect requires additional positive signals generated by
cytokine stimulation to drive cell proliferation. Although
the reduced NK numbers in the peripheral blood could
represent sequestration of NK in the liver or elsewhere,
not necessarily reduced numbers overall, given the unique
functions of NK cells as the initial defence against intrud-
ing pathogens, identifying factors such as Tim-3 that con-
trol NK IFN-y production is critical to understanding
innate immune regulation and to improving immuno-
therapy of chronic viral infection.

MicroRNAs are an important class of small (18-25 nu-
cleotides), non-coding RNAs that can regulate gene
expression through translational repression or target
mRNA degradation.”>*” More than 700 miRNAs have
been identified in mammals; some of them are widely
expressed whereas others exhibit only limited develop-
mental stage-, tissue- or cell-type-specific expression pat-
terns, and many of these miRNAs are involved in diverse
biological processes, such as cytokine expression and cell
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differentiation.”>*” As an ever-evolving strategy, viruses
may be able not only to modulate cellular miRNA levels
but also to interfere with the overall miRNA biogenesis.
In particular, miR-155 has been shown to be up-regulated
in monocytes and hepatocytes and acts as a positive regu-
lator of inflammation in chronic HCV infection.’®>®
Additionally, miR-155 expression has been shown to reg-
ulate the expansion and functional activation of NK cells
in both mouse and humans.*® > Despite these observa-
tions, little is known regarding the mechanisms for miR-
155 regulation of NK cell function during chronic HCV
infection.

Our study demonstrates that HCV-induced, miR-155-
modulated Tim-3 up-regulation plays a key role in regu-
lating NK cell functions via a STAT-5 signalling pathway
during chronic infection. By means of computational
miRNA target prediction algorithms, a wide spectrum of
potential targets of miR-155 has been identified. Hence,
miR-155, like many other miRNAs, may target genes that
could be involved in regulation of multiple independent
cell signalling processes, such as the STAT family. We
have previously shown that HCV inhibits immune
responses by regulating STAT-1, STAT-3 and STAT-5
expressions.'® ' Here, we further demonstrated that
HCV regulates the STATS5/T-bet/Tim-3 pathway via an
miR-155-modulated signalling mechanism. Whereas our
study does not identify the direct target of miR-155, the
present data suggest a role for miR155 in regulating
inflammatory cytokine production in NK cells by regulat-
ing the Tim-3 pathway, potentially balancing immune
clearance and immune injury during chronic viral infec-
tion.

Notably, miR-155 expression in NK cells from HCV-
infected and uninfected individuals responds differently
to IL-2 stimulation, in that miR-155 levels were
decreased in HS but increased in HCV-infected individu-
als following IL-2 stimulation. This may have resulted
from a paradoxical regulatory effect of HCV and inflam-
matory cytokines on miR-155 expression in NK cells.
For healthy NK cells, baseline high levels of miR-155
may function as a gate to maintain homeostasis. This is
consistent with the notion of miR-155 being a brake for
cell activation.'® Following IL-2 stimulation, miR-155
trends down, and hence the brake is released to allow
for cell activation, proliferation and IFN-y production.
For NK cells in the setting of chronic HCV infection, in
contrast, the baseline level of miR-155 is already down-
regulated by inflammatory cytokines in vivo, and so
Tim-3 expression is up-regulated and IFN-y is inhibited.
Following ex vivo IL-2 stimulation and NF-«xB activation,
the expression of miR-155 is feedback-induced to pre-
vent cell over-activation, perhaps explaining the differen-
tial expression of miR-155 in NK cells we observed in
HCV-infected versus uninfected individuals in response
to IL-2 stimulation.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 485-497
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IL-2 HCV

Figure 6. Proposed model for hepatitis C virus (HCV)-induced,
microRNA-155 (miR-155) -modulated Tim-3 expression in regulation
of interferon-y (IFN-y) production by natural killer (NK) cells during
chronic viral infection. HCV infection inhibits nuclear factor-xB (NF-
kB)-dependent miR-155 expression in NK cells, which in turn up-reg-
ulates Tim-3 expression through transcription factor T-bet. Tim-3
feedback suppresses cytokine-stimulated STAT-5 phosphorylation, so
inhibiting IFN-y production.

It may be that HCV-mediated decline of miR-155 fine-
tunes the NF-kB and cytokine signalling pathways rather
than totally blocking these signals. Nevertheless, the coun-
teracting effects of miR-155 on NF-xB and cytokine sig-
nalling may balance immune signalling, fine-tuning
immune-mediated viral clearance and host injury. We
suggest that the activation of STAT-5 is kept in check by
Tim-3, which is double-checked by miR-155 to ensure
appropriate immune responses in vivo (Fig. 6). We con-
clude that miR-155 may regulate Tim-3/T-bet/STAT-5
signalling and cytokine expression in NK cells, potentially
balancing immune clearance and immune injury during
chronic viral infection.
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