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FIG. 3. ISRE reporter screening and aberrant pathway of a-IFN. (A) Pretreatment with TSN. Huh7 cells transfected with a reporter gene
(pISRE-Luc and pRL-CMV) were pretreated with TSN (0 or 100 nM) for 0, 24, or 48 h, followed by treatment with o-IFN (0 or 100 IU/ml). Six
hours later, the relative ISRE-luciferase activity (n = 4) was determined as described in Materials and Methods. The data are expressed as means *
SDs and are a representative example of the data from three similar experiments. (B) Pretreatment with TSN at the concentrations indicated for
24 h, followed by treatment with a-IFN (0 to 100 IU/ml). The ISRE reporter assay was performed as described for panel A. (C) Type I IFN-induced
antiviral ISG expression in Huh7 cells. Huh7 cells were treated with TSN for 24 h, followed by treatment with «-IFN at 100 IU/ml for 24 h. The
total cellular RNA was then isolated for real-time RT-PCR analysis of the mRNAs of 25AS, MxA, p56, viperin, and ISG20. Beta-actin was used
as a control. The data are expressed as means + SDs and are a representative example of data from three similar experiments. %, P < 0.05.
(D) Analysis of aberrant pathways of a-IFN signaling under the influence of TSN. Promoter activities of NF-kappaB were analyzed by luciferase
reporter assays. These cells were transfected with pNF-kappaB-TA-Luc, pTA-Luc which lacks the enhancer element and which was used as a
negative control, and pRL-CMV to normalize transfection efficiency. At 24 h after transfection with these reporters, treatment with TSN (0, 10,
30, 100 nM) was carried out. After 24 h, the relative levels of induction of NF-kappaB activity for each treatment were calculated. TNF-a (50
ng/ml), which was used as a positive control for NF-kappaB, was added 6 h before analysis. The assays were done in triplicate and repeated three

times. Error bars indicate means *+ SDs. #, P < 0.05.

interferon activation site (GAS), or activator protein 1 ( AP1)
Fluc plasmids. The reporter activities were measured after
culture with or without TSN. As shown in Fig. 3D, there was no
significant effect of TSN on GAS or AP1 reporter activities
(data not shown). In contrast, NF-kappaB reporter activity was
significantly elevated by TSN in a dose-dependent fashion.

Synergistic inhibitory effects of TSN and o-IFN on the rep-
licon. We next assessed the effects of TSN combination with
o-IFN on the intracellular replication of the HCV genome.
Huh7/Rep-Feo cells were treated with various concentrations
of TSN (0, 0.01, and 0.03 pg/mi) and o-IFN (0 to 100 IU/ml).
Replication of the HCV replicon was suppressed by pretreat-
ment with TSN, followed by treatment with «-IFN, in a dose-
dependent manner (Fig. 4A; see Fig. S1 in the supplemental
material). The ECy;, of o-IFN in the absence of TSN was 7.61
TU/ml, while that after pretreatment with 0.03 pg/ml (41 nM)
TSN was 3.16 TU/ml. These results indicated that pretreatment
with TSN before o-IFN treatment is more effective in inhibit-
ing HCV replication than treatment with o-IFN alone.

Subsequently, we conducted the following assay to deter-
mine whether TSN and «-IFN have a synergistic inhibitory
effect on the replicon. The relative dose-inhibition curves of
a-IFN were plotted for several concentrations of TSN and
o-IFN. The curves shifted to the left with increasing concen-
trations of TSN (Fig. 4B), demonstrating that HCV replication
was considerably reduced by the combination compared with
that by either TSN or o-IFN alone. An MTS-based cell viability
assay did not show significant cytotoxicity from TSN (Fig. 4C).
Western blot analysis and densitometry of each blot showed
results essentially identical to those from the luciferase assay
(Fig. 4D).

We used isobologram analysis to determine whether the
anti-HCV effect of TSN is synergistic with that of a-IFN (27,
37). Huh7/Rep-Feo cells were treated with a combination of
o-IFN and TSN at an ECs, ratio of 1:0, 2:3, 1:4, or 0:1, and the
dose-effect plots were drawn (Fig. 4E). The fractional ECs4s
for o-IFN and TSN were plotted on the x and y axes, respec-
tively, to generate an isobologram (Fig. 4F). Each plot showing
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FIG. 4. Suppression of HCV RNA replication by TSN combined with o-IFN. (A and B) Luciferase activity (A, absolute value; B, relative value).
Huh7/Rep-Feo cells, which constitutively express an HCV replicon, enable the quantification of replication levels through the measurement of
luciferase activity. Absolute and relative dose-response curves in the presence of 24 h of pretreatment of various concentrations of TSN (0, 0.01,
0.03 pg/ml) and o-IFN (0, 100 IU/ml). (A) Bars indicate luciferase activities. (B) Bars indicate luciferase activities relative to the activity of each
o-IFN-negative control. Luciferase assays were performed in triplicate. Error bars indicate means = SDs. (C) MTS assay of Huh7/Rep-Feo cells
cultured with the indicated concentrations of TSN and o-IFN. The assays were done in triplicate and repeated three times. Error bars indicate
means *+ SDs. (D) Western blotting. Ten micrograms of total cellular protein was separated by polyacrylamide gel electrophoresis and transferred
onto the membrane. Monoclonal anti-NS5A antibody or an anti-beta-actin antibody was used as the primary antibody. Densitometry of NSSA or
beta-actin protein was performed and the result is indicated as a percentage of that for the drug-negative control. The assay was repeated three
times, and representative results are shown. (E) Dose-inhibition curves of o-IFN and TSN when they were combined at the indicated ratios,
adjusted by the ECs, of the individual drug. Assays were done in triplicate, and mean values were plotted and indicated as means * SDs.
(F) Graphical representation of the isobologram analysis. For each drug combination in panel E, the ECss of o-IFN and TSN for inhibition of
HCV replication were plotted against the fractional concentrations of «-IFN and TSN, which are indicated on the x and y axes, respectively. A
theoretical line of additivity is drawn between the ECy, for each drug alone. Al of the fractional ECs, plots for the TSN and «-IFN combinations
fell below the line of additivity, indicating synergy.

the fractional EC;, of each drug ratio fell below the line show-
ing additivity, indicating that the effect of the drug combination
on intracellular HCV RNA replication was synergistic. The
MTS values at the drug concentrations used in this isobolo-
gram analysis did not show any significant decrease, suggesting
that the synergistic action of a-IFN and TSN on HCV repli-
cation is through their pharmacological effects and is not due
to augmentation of cytotoxicity.

Suppression of HCV-J6/JFH1 infection by pretreatment of
TSN with o-IFN. The inhibitory effects of pretreatment with
TSN prior to a-IFN treatment demonstrated on HCV sub-
genomic replication were validated further using HCV-J6/
JFHI cell culture (21, 42). Various concentrations of TSN and
o-IFN were added to HCV-J6/JFH1-infected Huh7 cells, and

intracellular HCV RNA was quantified after 48 h of incuba-
tion. As shown in Fig. 5A, TSN with or without a-IFN sup-
pressed expression of intracellular HCV RNA in a dose-de-
pendent manner. The ECyys of a-IFN with TSN at 0, 10, and
30 nM were 4.71 TU/ml, 3.83 IU/ml, and 3.52 TU/ml, respec-
tively. An MTS-based cell viability assay did not show signifi-
cant cytotoxicity from TSN (Fig. 5B). These data indicate that
pretreatment with TSN also augmented the a-IFN effect on
the JFH1 system.

TSN upregulates ISGF3 in combination with «-IFN. Subse-
quently, we performed experiments to investigate the mecha-
nisms of action of TSN. First, we quantified expression of
alpha/beta IFN receptor subunit (IFNAR) 1 and IFNAR2 and
the effect of TSN. Real-time RT-PCR analysis showed no
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FIG. 5. Suppression of full HCV-J6/JFH1 replication by pretreatment of TSN with «-IFN. Ten micrograms of HCV-J6/JFH1 RNA was
transfected into Huh7 cells. At 48 h after transfection, cells were pretreated with TSN for 24 h, followed by treatment with a-IFN (0, 1, 3, 10, 30,
100 TU/ml). At 48 h after o-IFN addition, cells were harvested. (A) Real-time RT-PCR analysis; (B) effect of pretreatment TSN with o-IFN on
cell viability. MTS assays were performed 48 h after culture in the presence of pretreatment TSN with «-IFN. Bars indicate values relative to that
of the drug-negative control. In panels A and B, the assays were done in triplicate and repeated three times. Error bars indicate means * SDs.

change in levels of IFNAR1 and IFNAR2 mRNA expression
with or without TSN (Fig. 6).

Next, we investigated the ISGF3 components, STAT1, and
STAT?2, using Western blotting, and interferon regulatory fac-
tor 9 (IRF9), using real-time RT-PCR. Huh7 cells were treated
with various concentrations of TSN or 0.01% DMSO. Twenty-
four hours after TSN treatment, 100 IU/ml of o-IFN was
added, and STATs and IRF9 were detected. Western blot
analysis demonstrated that phosphorylated STAT1 and
STAT? levels were increased more by treatment with o-IFN
and TSN than by o-IFN treatment alone (Fig. 7A and B). In
addition, IRF9 mRNA expression was significantly higher fol-
lowing pretreatment with TSN prior to o-IFN therapy than by
o-IFN monotherapy (Fig. 8). These findings are consistent
with the hypothesis that TSN activates ISGF3 components in
combination with o-IFN.

IFNAR
{relative)

o 16 30 100 0 10 30

100 TSN {nM)

IFNAR1 IFNAR2

FIG. 6. IFNAR expression. Huh7 cells were pretreated with TSN
for 24 h, followed by treatment with 100 IU/ml «-IFN for 6 h. The total
cellular RNA was then isolated for real-time RT-PCR analysis of the
mRNAs of IFNAR1 and IFNAR2. The assays were done in triplicate
and repeated three times. The data are shown as means = SDs.

DISCUSSION

In this study, we investigated the molecular actions of TSN
on HCV replication and on a-IFN-mediated cellular antiviral
responses. Treatment of cells expressing an HCV subgenomic
replicon with TSN alone specifically inhibited HCV replication
with a selectivity index of more than 146 (Fig. 2). In addition,
pretreatment of cells with TSN prior to addition of a-IFN
augmented o-IFN receptor-mediated, ISRE-regulated gene
expression (Fig. 3). Consistent with these findings, TSN pre-
treatment significantly enhanced the suppressive effects of
a-IFN on the HCV replicon and HCV cell culture (Fig. 4 and
5). Finally, we demonstrated that the o-IFN-enhancing effects
of TSN are through increased transcriptional activation of a
component of ISGF3 (Fig. 7 and 8). Taken together, out re-
sults demonstrate that TSN is potentially an effective antiviral
agent when it is used alone and especially when it is used in
combination with o-IFN and that screening for such a-IFN-
enhancing agents may identify promising antiviral therapeu-
tics. Because TSN treatment alone or simultaneous treatment
with TSN and o-IFN did not increase ISRE activity or augment
a-JFN-mediated ISRE activation, TSN may affect a-IFN sen-
sitivity by upregulating molecules that affect a-IFN receptor-
mediated signaling without activating ISRE signaling directly.

Type 1 interferon plays a central role in eliminating viruses
through its innate antiviral activity or following therapeutic
application. Binding of o-IFNs to their receptors activates the
Jak-STAT pathway to form a complex with ISGF3, which
translocates to the nucleus, binds the ISRE located in the
promoter/enhancer region of the ISGs, and activates expres-
sion of ISGs (28, 39, 40). In this study, we demonstrated that
TSN enhanced o-IFN effects by upregulating ISGF3, which

- 197 -



VoL. 55, 2011 TOOSENDANIN INHIBITS HCV REPLICATION 2543
A 1snem 6 10 36 100 ©0 10 30 100
EN(IOO M) - - - -+ o+ o+ +
100 ‘

A 5 STATY

F STAT4

e B-actin

40
32 20
ES 10 -
gL b R R A
gL FN o - -
7 : : :
55573“(“’“’3 0 10 | 30 @ 100
°
Q
B tsnem 0 10 30 100 0 10 30 100
+ + * +*

IFN(100 WUiml} - - - -

120
100

LA

120

|
100 »
|

p-STAT2

STAT2

50
45

¢ % B.actin

2000 ;
1000 -

o
; H - H - H -

N
TSN (M) ©

densitometry of
p-STAT2 (relative)

10 30

100 |

.
4
+
+

o 10 30 | 100 |

FIG. 7. TSN with a-IFN treatment of Huh7 cells increases phosphorylation of STAT1 and STAT2. (A) Western blotting. Alteration in the
distribution of a-IFN-induced phosphorylation of STAT1 and STAT2 by TSN. Huh?7 cells were treated with TSN or 0.01% DMSO for 24 h. After
that, the cells were stimulated by 100 IU/ml «-IFN for 30 min. Cells were harvested, and the resulting lysates were analyzed for phosphorylated
and total STAT1 or STAT?2. The relative amounts of phosphorylated STAT1 or STAT2 were normalized to the amount of total STAT1 or STAT2
and expressed relative to the amount for the drug-negative control. The assay was repeated three times, and a representative result is shown.
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FIG. 8. IRF9 mRNA expression after combination treatment with
TSN and o-IFN. Real-time RT-PCR analysis. Huh7 cells were treated
with TSN for 24 h. After 6 h, the cells were stimulated by o-IFN (100
TU/ml). We used the method described in the legend to Fig. 6 to
analyze the mRNA of IRF9. The assays were done in triplicate and
repeated three times. Error bars indicate means * SDs. *, P < 0.05.

may cancel the suppressive effect of HCV gene products on the
o-IFN signaling pathway.

In our study, it was not proved that increasing ISRE
activities had direct relevance to inhibition of HCV replica-
tion. In Fig. 3C, we showed that TSN with a-IFN treatment
had elevated the level of expression of mRNA of ISGs.
Previous studies suggested that overexpression of known
ISGs inhibited HCV replication in HCV replicon-containing
Huh7 cells (13, 14). These findings may support the possi-
bility that TSN had the potential to augment the a-IFN
effect.

Other than the canonical Jak/STAT-mediated o-IFN signal-
ing pathway, several alternative o-IFN pathways have been
reported, including the NF-kappaB, gamma IFN, PI3K, and
MAPK pathways (9, 16, 24, 28). We carried out reporter assays
using NF-kappaB, AP1, and GAS reporter plasmid constructs
and treated the cells with TSN. As shown in Fig. 3D, TSN
activated NF-kappaB-regulated gene expression significantly.
NF-kappaB is a sequence-specific transcription factor which
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regulates the expression of numerous cellular and viral genes
and plays important roles in inflammation, innate immune
responses, tumorigenesis, and cell survival (3, 19). Activation
of NF-kappaB is principally regulated by tumor necrosis factor
alpha (TNF-a), Toll-like receptors (TLRs), and RIG-I, which
may possibly be associated with the molecular mechanisms of
TSN monotherapy. Horsmans et al. (12) and Agrawal and
Kandimalla (1) reported that TLR7, -8, and -9 agonists have
the ability to modulate TLR-mediated immune responses in
targeting a broad range of disease vectors, including HCV,
alone or in combination with other therapeutic agents. These
reports support the hypothesis that activation of NF-kappaB
may be one of the mechanisms of action of TSN.

It has been reported that TSN exhibits cytotoxic/antipro-
liferative potential at high concentrations (36, 47). In our
study, the selectivity index of TSN against HCV was suffi-
cient to ascertain that the antiviral effects are not simply due
to the cytotoxicity of TSN. A recent study showed that a
triterpenoid compound, dammarenolic acid, inhibits retro-
virus, human immunodeficiency virus, simian immunodefi-
ciency virus, murine leukemia virus, and respiratory syncy-
tial virus infections in vitro (4) (5). We have analyzed the
effects of dammarenolic acid on antiviral actions on Huh7/
Rep-Feo cells, cytotoxicity, and ISRE reporter activation.
However, dammarenolic acid did not inhibit HCV replica-
tion or enhanced «-IFN-induced ISRE activity (data not
shown). These findings suggest that the anti-HCV and
o-IFN enhancer effects are distinctive features of TSN
among triterpenoid compounds. Hiasa et al. have reported
that ME3738, a triterpenoid saponin, suppressed HCV rep-
lication through production of endogenous beta interferon
(11). ME3738 is now in clinical trials for treatment of HCV-
infected patients. Taking these findings together, despite
reports on the cell-suppressive effect of triterpenoids, prop-
erly selected or designed compounds might be used as drugs
against HCV infection.

Because the mechanisms of action of these triterpenoid
compounds against these viruses are poorly understood, fur-
ther investigation of the mechanism of action of TSN on HCV
may be valuable to implement antiviral strategies against other
viruses. It would be important to assess drug resistance after
continuous treatment with TSN. There is no in vitro or in vivo
report on resistance of TSN or cellular attenuation of re-
sponses to TSN. Such information, if any is found, would help
elucidate the mechanism of action of TSN.

Given the current situation of limited therapeutic options
against HCV, the search for more potent and less toxic anti-
viral drugs is needed to improve clinical anti-HCV chemother-
apeutics. Several direct antiviral agents with activity against
HCV are currently undergoing clinical trials. These include
NS3 protease inhibitors and NS5B polymerase inhibitors (41).
However, the frequent emergence of drug-resistant viruses is a
major weakness of such agents (20). Our results indicate that
TSN is also effective at suppressing HCV infection and repli-
cation. Future studies with TSN, its derivatives, and other
chemicals that target the o-IFN pathway could be directed
toward developing a new class of antiviral treatment regimens
and drugs.
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Aim: Studies of the complete hepatitis C virus (HCV) life cycle
have become possible with the development of a HCV-JFH1
cell culture system.

Methods: In this study, we constructed two fluorescence
protein-tagged recombinant JFH1 virus clones, JFH1-EYFP and
JFH1-AsRed, as well as two corresponding clones with adap-
tive mutations, JFH1-EYFP mutant and JFH1-AsRed mutant,
that and were as effective as JFH1 in producing infectious
virus particles, and investigated their viral infection life cycles.

Results: After infection of the fluorescence-tagged mutant
viruses, infected cells increased exponentially. In cells, EYFP
or AsRed and NS5A were expressed as a fusion protein and

co-localized in core proteins. The rate of the cell-cell spread
was dependent on the cell densities with a maximum of 10%%/
day. Treatment of cells with interferon or a protease inhibitor
suppressed expansion of virus-positive cells.

Conclusion: Taken together, these results indicate that
fluorescence-tagged HCV is a useful tool to study virus infec-
tion life cycles and to assist in the search for novel antiviral
compounds.

Key words: AsRed, confocal laser microscopy, HCV-JFH1
cell culture, protease inhibitor, yellow fluorescence protein

INTRODUCTION

EPATITIS C VIRUS (HCV) infection is character-

ized frequently by chronic inflammation of the
liver, leading to decompensated liver cirrhosis and
hepatocellular cancers." Interferon (IFN)-o has been the
mainstay of HCV therapy.? However, the most effective
therapy, pegylated IFN plus ribavirin in combination,
can eliminate HCV from only half of the patients
treated®* and often is accompanied by substantial side-
effects.”® These difficulties in eliminating the virus are
attributable mostly to the limited treatment options.”
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Hepatitis C virus belongs to the family Flaviviridae.
The viruses have positive-strand RNA genomes of
approximately 10 kb that encode polyproteins of
approximately 3000 amino acids. The protein is post-
translationally processed by cellular and viral proteases
into at least 10 mature proteins. The viral non-structural
(NS) proteins accumulate in the endoplasmic reticulum
(ER) and they direct genomic replication and viral
protein synthesis.** Studies of the HCV life cycle and the
development of new drugs have long been hampered by
the lack of cell culture systems. These problems have
been greatly overcome by the development of the
HCV subgenomic replicon'’® and HCV-JFH1 cell
culture'' systems.

After the development of HCV-JFH1 cell culture,
many variations of reporter protein-tagged HCV systems
have been described.’'” These reporter systems,
however, feature poor or absent virus propagation,
secretion and re-infection. The C-terminal end of the
NS5A region, which has been used for insertion of
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JFH1
Figure 1 Schematic of the JFH1-based  JFH1-EYFP
hepatitis C virus constructs. EYFP or
AsRed was inserted in-frame into the
Cpol site of NS5A (JFH1-EYFP or JFH1-
AsRed). The adaptive mutations in
NS3 and NS5A (T4209A and C7653T)
are indicated by asterisks (JFH1-EYFP
mutant or JFH1-AsRed mutant).

JFH1-EYFP mutant

JFH1-AsRed

JFH1-AsRed mutant

reporter sequences, does not affect viral genomic repli-
cation,’ while manipulation of the domain resulted in
the loss of viral particle secretion possibly through abro-
gation of NS5A-core protein-protein association that is
crucial for the viral particle assembly.'® These problems
have made it to difficult to analyze the entire viral life
cycle in living cells. Recently, Han etal. reported a
mutant HCV-JFH1 clone that expressed green fluores-
cent protein {GFP)-tagged NS5A and which could
propagate and secrete infectious virus particles."”

In this study, we took advantage of the mutant fluo-
rescence protein-tagged HCV and investigated the life
cycles of HCV infection. We have demonstrated the rate
of expansion of HCV infection using flow cytometry.
Moreover, we have shown the kinetics of co-infection
with two virus strains, which differed in their ability to
secrete infectious virus particles.

METHODS

Reagents

ECOMBINANT HUMAN IFN-o-2b was from

Schering-Plough (Kenilworth, NJ). Protease inhibi-
tor (BILN2061) was from Boehringer Ingelheim (Ingel-
heim, Germany). BILN2061 is a macrocyclic NS3
protease inhibitor, the antiviral effects of which have
been reported in a phase I dlinical study.'®* Although
further development of BILN2061 has been abandoned,
this compound has structural homology with other pro-
tease inhibitors that are currently being evaluated in
clinical trials, such as TMC435 and MK7009.”*

Cell culture

Huh?7.5.1 cells® and their derivatives were maintained
in Dulbecco’s modified minimal essential medium

Fluorescence-tagged HCV kinetics 259
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(DMEM; Sigma, St Louis, MO, USA) with 10% fetal
bovine serum (FBS; Invitrogen, San Diego, CA, USA) at
37°C under 5% CO,.

Plasmid constructs (Fig. 1)

In order to produce pJFH1-EYFP, the EYFP gene was
amplified from pEYFP-C1 (Clontech, Mountain View,
CA, USA) by polymerase chain reaction (PCR). The PCR
products were then inserted into the Cpol site (7484) of
pJFH1. Similarly, pJFH1-AsRed was produced using
pAsRed?2 (Clontech). The JFH1-EYFP and JFH1-AsRed
mutants, which are JFH1-based mutants with robust
virus production capability, have two point mutations
(T4209A, C7653T)." In order to introduce these muta-
tions into pJFH1-AsRed, the Avrll/Nsil and BsrGI frag-
ments of pJFH1-AsRed were amplified by PCR. The PCR
products were subcloned into the T-Vector (pGEM-T
Easy Vector Systems; Promega, Madison, WI, USA) and
the mutations were introduced by site-directed
mutagenesis (Quick-Change II Site-Directed Mutagen-
esis Kit; Stratagene, La Jolla, CA, USA), as reported pre-
viously.”” Finally, these AvrIl/Nsil and BsrGl fragments
were reinserted into the parental plasmid, pJFH1-AsRed.
The pJFH1-AsRed mutant was digested with Cpol and
the DNA fragment was subcloned into pJFH1-EYEP,
producing the mutant pJFH1-EYFP. All nucleotide
numbers refer to pJFH1."

Constitutive expression of ER-fluorescence
protein in Huh7.5.1 cells

Huh7.5.1 cells were seeded into 6-cm diameter dishes
and transfected with pDsRed2-ER (Invitrogen) using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Isolated clones (ER-Huh?7.5.1
cells) were maintained under selection with
0.75 mg/mL G418 (Nacalai Tesque, Kyoto, Japan) and
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screened for DsRed protein expression using fluores-
cence microscopy (BZ-8000; Keyence, Tokyo, Japan).

RNA transcription and transfection

Recombinant HCV RNA was synthesized and trans-
fected as previously described.?*? Briefly, the plasmids
were linearized by digestion with Xbal and subjected to
in vitro transcription using RiboMax Large Scale RNA
Production System (Promega). For the RNA transfec-
tion, Huh7.5.1 cells were suspended in Opti-MEM
(Invitrogen) containing 10 pg of HCV RNA, transferred
into a 4-mm electroporation cuvette, and subjected to
an electric pulse (1050 puF and 270 V) using the Gene
Pulser II apparatus (Bio-Rad, Richmond, CA, USA).
After electroporation, the cell suspension was left for
5 min at room temperature and then incubated under
normal culture conditions in a 10-cm diameter dish.
The transfected cells were split every 3-5 days. The
culture media were transferred subsequently onto unin-
fected Huh7.5.1 cells.

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as
described previously.** Cells were cultured on 18-mm
round cover slips (Matsunami, Osaka, Japan) and fixed
using 4% paraformaldehyde for 10 min at room tem-
perature. Cells were incubated with the primary anti-
bodies for 1'h at 37°C and with Alexa Fluor 488 goat
antimouse immunoglobulin (Ig)G antibody (Molecular
Probes, Eugene, OR, USA) for 1 h at room temperature
in the dark. Mouse anti-NS5A antibody (Biodesign,
Saco, ME, USA) and mouse anti-core antibody (Abcam,
Cambridge, MA, USA) were used as primary antibodies.
Cells were mounted with VECTA SHIELD Mounting
Medium with DAPI (Vector Laboratories, Burlingame,
CA, USA) and visualized by confocal laser fluorescent
microscopy (BZ-8000 [Keyence] and FLUOVIEW FV10i
[Olympus, Tokyo, USA]).>

Flow cytometry

JFH1-EYFP and JFHI1-EYFP  mutant-transfected
Huh?7.5.1 cells and uninfected Huh7.5.1 cells were cul-

Hepatology Research 2011; 41: 258-269

tured in 12-well plates (Becton Dickinson, Franklin
Lakes, NJ, USA). The cells were collected on the days,
post-transfection or post-infection, indicated. After
washing with phosphate buffered saline (PBS; Nacalai
Tesque) supplemented with 3% FBS and staining of
dead cells with propidium iodide, the cells were ana-
lyzed using a FACS Calibur with CellQuest software
(Becton Dickinson).

Quantification of HCV core antigen in
the culture medium

The culture media from Huh7.5.1 cells transfected with
JFH1 and its derivatives were collected on the days indi-
cated and stored at 80°C. The levels of core antigen in
the culture media were measured using a chemilumines-
cence enzyme immunoassay (CLEIA) according to
the manufacturer’s protocol (Lumipulse Ortho HCV
Antigen; Ortho-Clinical Diagnostics).

Western blotting

Western blotting was carried out as described previ-
ously.” Briefly, 10 ug of total cell lysate was separated by
sodium dodecylsulfate polyacrylamide gel electrophore-
sis and blotted onto a polyvinylidene fluoride mem-
brane. The membrane was incubated with primary
antibodies followed by peroxidase-labeled anti-IgG
antibody and visualized by chemiluminescence using
the ECL Western blotting Analysis System (Amersham
Biosciences). The antibodies used were anti-core mouse
monoclonal antibody 2H9, anti-NS5A mouse mono-
clonal antibody 9E10 (provided by Dr Rice), and
anti-GFP rabbit polyclonal antibody (Invitrogen). The
anti-GFP is able to detect EYFP. To confirm expression of
EGFP in Huh 7.5.1 cells, Huh7.5.1 cells were seeded
into a 6-cm diameter dish and transfected with pEGFP
(Invitrogen) using Lipofectamine 2000 (Invitrogen).

Statistical analyses

Statistical analyses were performed using Welch's t-test.
P-values of less than 0.05 were considered statistically
significant.

»

Figure 2 Infectious hepatitis C virus (HCV) reporter virus with robust virus production capability. (a) Huh7.5.1 cells were
transfected with JFH1-EYFP, JFH1-EYFP mutant, JFH1-AsRed or JFH1-AsRed mutant HCV RNA. At 3 days post-transfection, culture
media were collected and added onto uninfected cells. At the days indicated, EYFP or AsRed-directed-fluorescence was visualized
directly. (b) The ratio of EYFP or AsRed-positive cells in (a) is counted in each image and plotted vs time. Assays were carried out
in triplicate and the results are expressed as mean + standard deviation. *P < 0.05. ——, JFH1-EYFP mutant; -« -, JFH1-EYFP; ——,
JFH1-AsRed mutant; -+ -, JFH1-AsRed. (c) The levels of core antigen in the culture medium of JFH1, JFH1-EYFP, JFH1-EYFP mutant,
JFH1-AsRed, and JFH1-AsRed mutant-transfected Huh7.5.1 cells collected on the days indicated. Ag, antigen. -*-, JFH1; -<-,
JEH1-EYFP; ——, JFH1-EYFP mutant; - = -, JFH1-AsRed; —+—, JFH1-AsRed mutant.
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Figure 3 Intracellular trans-complementation of virus proteins. (a) Culture media from JFH1-EYFP and JFH1-AsRed mutant-
transfected cells at 3 days post-transfection were added onto uninfected Huh7.5.1 cells. At the days indicated, EYFP or AsRed-
directed-fluorescence was visualized directly. (b) The ratio of EYFP or AsRed-positive cells in Fig. 2a is calculated and plotted vs
time. Assays were carried out in triplicate and the results are expressed as mean + standard deviation. —+— JFH1-AsRed mutant; - -
JEH1-EYFP.

RESULTS infectious virus particles. Full-length HCV RNA was
Infectious HCV reporter virus with robust tCra?scribed i.” vitro and transfected into Huh7.5.1 cellls.
g duction canabilit ulture media were collected from cells transfected with
VI pro pagrity JFH1-EYFP, JFH1-EYFP mutant, JFH1-AsRed, or JFHI-
IRST, WE STUDIED whether the JFH1-EYFP mutant AsRed mutant, respectively, and inoculated into unin-
viruses are able to secrete sufficient amounts of fected Huh7.5.1 cells. EYFP- or AsRed-positive cells were

Figure 4 Localization and expression of NS5A-EYFP and NS5A-AsRed fusion proteins. (a,b) Huh7.5.1 cells transfected with
JFH1-EYFP, AsRed and their mutant RNA genomes were fixed at 3 days post-transfection. NS5A-EYFP and NS5A-AsRed fusion
proteins were visualized using EYFP and AsRed, respectively. DsRed auto-fluorescence was observed directly. NS5A and core
proteins were immunostained with Alexa Fluor 488-labeled goat antimouse immunoglobulin G (green). 4’,6’-diamidino-2-
phenylindole dihydrochloride (DAPI) (blue) staining revealed the nuclear chromatin. Bars represent 10 um. (c) Cells were
transfected with EGFP, JEH1, JFH1-EYFP, JFH1-AsRed, JFH1-EYFP mutant or JFH1-AsRed mutant. Cells were harvested at 3 days
post-transfection, and western blotting was performed by using anti-GFP, NS5A or core antibodies.

© 2011 The Japan Society of Hepatology

- 205 -



Hepatology Research 2011; 41: 258-269 Fluorescence-tagged HCV kinetics 263

JFH1-EYFP JFH1-EYFP mutant

JFH1-AsRed mutant

JFH1-AsRed

JFH1-AsRed JFH1-AsRed mutant

p JFHI-EYFP JFH1-EYFP mutant

c NS5A-Ab core-Ab
— e G =
B - — kDa
-
-
- 60= S - -
kDa
= =3
-
- = -
30 ="§ - =
- = 00 = R
m [ Cs (o T Ly B s E= Ees (. [ [
® T m c m m m m m m M m
7 I T I 5 T T I I I I I T
s o £ g o -z 3
m m < m > m > m >
< < =k < [ < o < @
m m m g il g m §
T T T 2 v g T g
3 3 3 2 3
=4 S £ 5 £
B b g 5 B

© 2011 The Japan Society of Hepatology

- 206 -



264 M. Yamamoto et al.

directly visualized by fluorescence microscopy on days
1-7. As shown in Figure 2(a), the number of cells posi-
tive for both JFH1-EYFP and JFH1-AsRed mutants,
but not for JFH1-EYFP and JFH1-AsRed-infected cells,
increased in a time-dependent manner. In JFH1-EFYP
mutant-transfected cells, the proportion of EYFP-
positive cells on days 3, 5 and 7 post-infection was
4.4%, 29% and 41%, respectively. In contrast, only
4.9% of JFH1-EYFP-transfected cells became EYFP-
positive at 3 days post-infection, and the percentage of
these fluorescence-positive cells decreased rapidly there-
after (Fig. 2b). Similarly, the percentage of cells infected
with JFH1-AsRed mutant but not JFH1-AsRed increased
exponentially. These results indicated that the two fluo-
rescence virus clones with mutations are able to secrete
infectious virus particles. We next compared levels of
HCV core antigen in culture medium of cells infected
with JFH1, JFH1-EYFP, JFH1-EYFP mutant, JFH1-AsRed,
and JFH1-AsRed mutant viruses. The mutant viruses, but
not the wild-type, produced amounts of core protein
comparable to that of the parental JFH1 (Fig. 2C).
In HCV-JFH1, JFH1-EYFP mutant, and JFH1-AsRed
mutant-transfected cells, the core protein reached a peak
of 1.25, 1.35 and 1.34 fmol/L, respectively, at 14 days
post-transfection, while that of JFH1-EYFP JFH1-AsRed-
transfected cells became undetectable at 10 days post-
transfection. These results indicated that the mutant
type is capable of producing an amount of viral particles
comparable to that of the parental JFH1.

Using the two fluorescence-tagged viruses, we con-
ducted co-infection of two virus strains, JFH1-AsRed
mutant, which secreted infectious virus particles, and
JFH1-EYFP, in which virus particle secretion was
impaired. We collected culture media from cells trans-
fected with JFH1-AsRed-mutant or JFH1-EYFP on day 2
post-transfection and infected both media onto unin-
fected Huh?7.5.1 cells at a multiplicity of infection (moi,
focus forming unit per cell) of 0.01. The number of
JFH1-AsRed mutant-infected cells increased exponen-
tially until day 3 but reached a plateau on days 5 and
7 post-infection. Interestingly, the number of cells

Hepatology Research 2011; 41: 258-269

positive for viral secretion-impaired JFHI1-EYFP also
increased in a manner similar to that of the JFH1-AsRed
mutant (Fig. 3a). The percentage of AsRed mutant-
positive cells was 4.6%, 6.7% and 14.8% at days 3, 5
and 7, respectively, while the percentage of EYFP-
positive cells at the corresponding days was 3.1%, 4.8%
and 5.1%, respectively (Fig. 3b). These results suggest
that, in the co-culture of two HCV clones with and
without virus particle secretion, a secretion-impaired
virus clone is able to replicate and produce infectious
particles possibly through the complementation of the
intact virus.

Expression and subcellular localization of
NS5A-fluorescence proteins

We next used fluorescence microscopy to study the
subcellular localization of fluorescence and viral pro-
teins. In cells transfected with JFH1-EYFP, JFH1-AsRed,
and the respective mutants, EYFP and AsRed, were
clearly visualized as dot-like structures in the peri-
nuclear area (Fig. 4a). To determine if the NS5A-AsRed
fusion protein indicates the subcellular localization of
NS5A, we performed immunofluorescence staining
of JFH-AsRed- and JFH1-AsRed mutant-infected cells
using NS5A and HCV-core antibodies. Fluorescence of
AsRed was co-localized precisely with NS5A and par-
tially with core proteins. The fluorescence intensities of
the JFH1-EYFP and -AsRed mutants within the cells
were equal to that of the wild-type constructs. EYFP-
NS5A of wild type and mutant JFH1 were localized in
the ER (Fig. 4b). Western blotting was performed by
using anti-GFP and anti-HCV-NS5A antibodies. As
shown in Figure 4(c), three bands of the expected
molecular weights of 27, 58 and 85 kDa, which corre-
sponded to EGFP, NS5A and NS5A-EYFP fusion
protein, were detected in EGFP, JFH1, JFHI1-EYFP,
JFH1-AsRed, JFH1-EYFP mutant, and JFH1-AsRed
mutant-transfected cells. The expression levels of
core protein in JFH1-EYFP mutant- and JFH1-AsRed
mutant-transfected cells were almost the same as those
transfected with parental JFH1. These results indicate

»

Figure 5 Kinetics of hepatitis C virus (HCV)-infected cells. (a) Huh7.5.1 cells were infected with JFH1-EYFP or JFH1-EYFP mutant
HCV RNA. At the days indicated, cells were harvested and subjected to flow cytometry. EYFP-positive cells were sorted based on
EYFP activating (x-axis) and staining with a marker of dead cells (y-axis). The results are depicted as density plots. The ratios of
EYFP-positive cells vs time are shown below. Assays were carried out in triplicate and the results are expressed as mean + standard

deviation. *P<0.05. **P<0.01. ——, JFH1-EYFP mutant;

-o-, JFH1-EYFP. (b) Culture media from JFHI-EYFP or mutant-

transfected cells were added onto uninfected Huh7.5.1 cells at a moi of 0.01. At the days indicated, infected cells were analyzed
using flow cytometry. The results are depicted as density plots. The ratio of EYFP-positive cells vs time are shown below. Assays were
carried out in triplicate and the results are expressed as mean * standard deviation. *P < 0.05. **P < 0.01. WT, wild type. —*—,

JFH1-EYFP mutant; - -, JFH1-EYFP.
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that the fusion proteins of NS5A and the fluorescent
proteins remain intact within cells and serve as accu-
rate markers of infection and as indicators of the sub-
cellular localization of HCV-NS5A proteins.

Kinetics of HCV infection

Using those fluorescence-tagged HCV constructs, we
analyzed more precisely the ratio and kinesics of HCV
RNA-transfected cells and virus-infected cells by flow
cytometry. After HCV RNA transfection, the percentages
of JFH1-EYFP and JFH1-EYFP mutant-transfected cells
were almost equivalent up to 2 days. Thereafter, JFH1-
EYFP-positive cells began to decrease in number, while
the mutant-transfected cells increased exponentially
until 5 days post-transfection and then reached a
plateau, when 52.2% of the cells were EYFP-positive
(Fig. 5a). We collected the media from JFH1-EYFP and
mutant-transfected cells at 2 days post-transfection, and
added it onto uninfected Huh7.5.1 cells at a moi of
0.01. Similar to the results of the transfection assay,
the population of JFH1-EYFP mutant-infected cells
increased exponentially and reached a stable state at
6 days post-infection, when 39.2% of the cells were
EYFP-positive (Fig. 5b). Calculating from the above
data, the rate of expansion of HCV-infected cells was
2'%/day. The cell-to-cell expansion of the JFH1-EYFP
mutant infection was blocked by prior treatment of cells
with anti-CD81 antibody (data not shown). This finding
indicated that the expansion of the EGFP-positive cells
was due to cell-cell spread of EYFP-tagged HCV and not
the division of the virus-positive cells.

To further refine the calculation of the rate of cell-to-
cell spread of infection, we carried out JFH1-EYFP
mutant infection of uninfected Huh7.5.1 cells seeded
at various densities from 2 x 10* to 2 x 10° cells/mL
(Fig. 6). Flow cytometry showed that the rates of expan-
sion of HCV-infected cells were 2'*, 23 and 2%5/day at
2x10% 2 x 10" and 2 x 10° cells/cm?, respectively. The
ability of JFH1-EYFP to spread is greater in cells seeded
at higher density. The maximum rate of expansion of
HCV-infected cells was calculated as 2*°/day.

Effects of antiviral drugs on
HCV-infected cells

We next investigated the effects of antiviral agents on the
infection kinetics of tagged-HCV. Eighteen hours after
transfection of EYFP-tagged HCV RNA, the cells were
treated with 10, 30 or 50 U/mL of IFN-0.-2b or with
10 uM of protease inhibitor, BILN2061. JFH1-EYFP
mutant-transfected cells were analyzed using flow

© 2011 The Japan Society of Hepatology
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Figure 6 Rate of expansion of hepatitis C virus (HCV)-infected
cells. The medium from JFH1-EYFP mutant was inoculated
onto Huh7.5.1 cells seeded at different densities (2 x 10?,
4x10%° 1x10% 2x10" and 2x10° cells/cm®) with core
antigen adjusted doses. The results of flow cytometric analysis
are depicted as density plots. The ratios of EYFP-positive cells
vs time are shown beneath. Assays were carried out in triplicate
and the results are expressed as mean * standard deviation.
—— 2% 10% -+-, 4x10% ——, 1 x10% -°- 2% 10% ——, 2x 10°.

cytometry. As shown in Figure 7, treatment of cells with
the two compounds suppressed the time-dependent
increase of HCV propagation. In addition, IFN-o-2b
suppressed the dose-dependent increase of HCV

- 209 -



Hepatology Research 2011; 41: 258-269 Fluorescence-tagged HCV kinetics 267

Time after transfection (day)

% 1 h 2 % 3 % 4
Vehicle
W7 1821
TR 4
E: % ¥ 3
Pl
IFN 50U/ml
IFN 30U/ml
IFN 10U/ml
60 1 1007
_. 507 2 g0
E 4ot 8
o > 60
w IS
o 30+ Y
] i’: 40 1
20 L>x__
10 w 207
0 0
1 2 3 4 1 2 3 4
Time after transfection (day) Time after transfection (day)

Figure 7 Effect of antiviral drugs on hepatitis C virus (HCV)-infected cells. Huh7.5.1 cells were transfected with JFH1-EYFP mutant
RNA. Eighteen hours after transfection, cells were cultured with 10, 30 or 50 U/mL of interferon (IFN)-0-2b or 10 uM of the
protease inhibitor BILN-2061. The cells were harvested at the days indicated and flow cytometry was performed. Ratios of
EYFP-positive cells over time are shown at lower left. Plot values of 100% in each curve represent the EYFP expression levels in
untreated cells (lower right). Assays were carried out in triplicate and the results are expressed as mean * standard deviation.
*P<0.05. **P <0.01. PI, protease inhibitor. -+-, vehicle; =—, 50 U/mL; -+-, 30 U/mL; ——, 10 U/mL; —=, PL
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propagation. At all time points, the number of infected
cells was significantly lower in the culture treated with
the two compounds than in the untreated culture. The
protease inhibitor suppressed infection faster than did
IFN-a-2b. These data indicate that IFN and the protease
inhibitor were not only able to suppress intracellular
HCV replication levels but also to inhibit virus par-
ticle secretion and expansion of HCV-infected cell
populations.

DISCUSSION

N THIS STUDY, we used fluorescence-tagged HCV,

in which virus assembly, particle secretion and
re-infection functions are fully preserved (Fig. 1)."” Uti-
lizing the fluorescence-tagged HCV, we analyzed the rate
of expansion of HCV infection using live-cell flow cyto-
metric analyses (Figs 5-7). In the early periods of infec-
tion, the expansion of the virus-positive cell population
increased exponentially and the maximum rate of
expansion was calculated as 2%°/day. It is not clear why
HCV propagation reaches a plateau, but this observa-
tion, where HCV replication is limited in confluent cells,
has been made previously.® Possible explanations
include cell death due to over-confluence, depletion
of the nucleoside triphosphate pools in resting cells,
and/or cell cycle-dependent effects on virus RNA repli-
cation and translation.

Co-infection of the two virus clones, EYFP-JFH1 and
AsRed mutant JFH1, showed that viruses with impaired
particle secretion were able to replicate and expand
virus-infected cells (Fig. 3). Although we have found
no clear mechanism to explain those effects, we
speculate that the secretion-defective virus (JFH1-EYFP)
may assemble into infectious virus through trans-
complementation of virus proteins via co-infection in a
single cell or recombination of mutant and wild-type
virus genomic RNA. The co-infection experiment
showed that the increase of JFH1-AsRed mutant-positive
cells was slower than in the single clone infection experi-
ment (Fig. 2a). These findings suggest that viruses with
impaired particle secretion (JFH1-EYFP) partially sup-
pressed expansion of viruses with intact particle secre-
tion (JFH1-AsRed mutant) through trans-suppression of
cellular virus replication or competitive binding to cel-
lular virus entry receptors.

After the development of HCV-JFH1 cell culture,'!
many variations of HCV cell culture systems have been
developed. Lindenbach et al. developed a genotype 2a
intragenotypic chimera, J6/JFH, in which the JFH1
structural region was replaced with that of J6, isolated

© 2011 The Japan Society of Hepatology
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from a patient with chronic hepatitis.”” The J6/JFH
chimera is able to produce virus particles more effi-
ciently than JFH1 but does not produce virus-induced
cytopathic effects (CPE). Several marker protein-tagged
viruses have been reported, in which viral infection
could be visualized readily in living cells. A subge-
nomic replicon that expressed an NS5A-GFP fusion
protein was reported first.’> However, the clone lacked
the structural regions that are required for virus propa-
gation. Subsequently, full-length HCV reporter viruses
were developed in which the EGFP gene was inserted
into the NS5A-C-terminus of JFH1" or JC-1."* Jones
et al. inserted the renilla luciferase gene into P7 of
J6/JFH.** Unfortunately, the efficiency of virus produc-
tion by the recombinant reporter viruses was greatly
reduced compared to wild-type viruses. Very recently, it
has been reported that a JFH1-based adaptive strain of
a HCV reporter virus can produce infectious HCV par-
ticles as robustly as the JFH1 wild-type strain."” This
virus system has overcome the serious limitations asso-
ciated with the use and application of other reporter
viruses.

Compared with the other HCV reporter viruses, the
JFH1-EYFP/AsRed mutant is capable of producing
amounts of HCV virus equivalent to that of the paren-
tal JFH1, which enables continuous passage of infec-
tion in cell culture and analyses using various research
modalities, including flow cytometry and live-cell
microcopy. Considering the current situation regarding
the lack of singly effective, proven antiviral agents
against HCV, other than IFN formulations, the search
for potential antiviral agents will continue to be a
dominant goal of research to improve clinical anti-
HCV chemotherapeutics. This tagged HCV culture
system may provide a very convenient tool for studies
of the complete virus life cycle in live cells and of
virus-host interactions, and it may be useful for high-
throughput screening of drugs.
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Immunological changes that inevitably occur with aging are related to the onset of various diseases
including autoimmune diseases, immunodeficiency, as well as other age-reflecting (AR) diseases. They
are becoming serious problems in the global trend of longevity. To understand the AR changes, we
searched for genes whose expression profiles in the whole peripheral blood change dramatically as a
function of age using the Agilent whole human genome 44K microarray. After examining two cohorts
consisting of 154 healthy people between age 23 and 77, we discovered 16 transcripts strongly and repro-
ducibly correlated with age. Analysis using a publicly available gene expression dataset for a variety of
human immune cells revealed that some of these transcripts were highly expressed in specific cell types
whose number and function are known to change with age. This analysis shed light on the molecular
mechanism of AR immunological system changes. Because of its simplicity, the assay system is expected
to be useful for understanding individual health conditions.
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1. Introduction

Senescent immune imbalance has been well known and is
becoming a serious problem in the global trend of longevity. In
addition to the typical disease-associated problems such as auto-
immune diseases and immunodeficiency, the immune system of
our body is steadily following paths of transition from the young
to elderly. Causes, consequences, as well as mechanism of the im-
mune system transition have been studied intensively, but these
works have not reached systematic studies because of enormous
variety of individuality [1-3].

One approach to this problem is to focus on age-reflecting (AR)
shift of transcript balance in the peripheral blood mononuclear
cells regardless of gender. Although factors that can affect the
profile may be countless, such as those organ activities wherein
immune cells are produced, nursed, educated, or mobilized to cope
with changes of our physiological condition such as infection,
damage of the body parts, hormone balance and drug-intake:
These factors should be eliminated when we attempt to compare
“normal” transcriptome profiles of man.

We undertook transcriptome studies with whole peripheral
blood of normal, healthy people. Because isolation of peripheral
blood mononuclear cells (PBMC) for analyses introduces
technology-associated uncertainties, such as loss of significant

* Corresponding author.
E-mail address: nakamura@dna-chip.co.jp (S. Nakamura).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2012.01.018

fraction of white blood cells, loss of fragile transcriptome during
the purification process, etc., we took whole peripheral blood as
the starting material for this study.

Using simple correlation analyses, we compared blood from
young, mature, and senior people for AR transcripts. We used
two cohorts consisting of 154 healthy people, male and female, be-
tween age 23 through 77. Excluded were those regularly taking
drugs, having been treated by doctors, or having biased biochemi-
cal data. We discovered 16 transcripts that behaved in AR fashion:
Some were more abundant in older individuals (AR-increase),
whereas others were less abundant in older individuals
(AR-decrease). Here, we report results of the analyses, and describe
some properties of these AR transcripts.

2. Materials and methods
2.1. Participants

Approval for the study was obtained from the Ethics Committee
for Human Genome/Gene Analysis Research at Kanazawa
University Graduate School of Medical Science. Blood samples
were obtained from healthy volunteers at two related health
examination sites in Ishikawa Prefecture: Hokkoku Clinic (site H),
Public Central Hospital of Matto Ishikawa (site M). Of these volun-
teers, none needed routine doctor’s visit nor were treated with any
drugs. Informed consent was obtained from all subjects, and clini-
cal data were collected.
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2.2. RNA extraction from blood

Blood samples were collected in PAXgene Blood RNA tubes (BD,
NJ, USA), incubated and stored according to the manufacturer’s
protocol. Total RNA was extracted using the PAXgene Blood RNA
Kit (QIAGEN, CA, USA) following the manufacturer’s instructions.
RNA quantity and quality were determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, DE, USA) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA).

2.3. Microarray and data preprocessing

Cy3-labeled cRNA was synthesized from 250 ng of total RNA
using Agilent Low RNA Input Linear Amplification Kit PLUS,
One-Color (Agilent Technologies). After checking the quality and
quantity of the cRNA using a NanoDrop ND-1000 spectrophotom-
eter and an Agilent Bioanalyzer, the cRNA was hybridized at
65 °C for 17 hours to an Agilent Whole Human Genome Microarray
4 x 44K (Design ID: 014850). After washing, microarrays were
scanned using an Agilent DNA microarray scanner (Agilent
Technologies). All procedures from labeling to scanning were
performed according to the manufacturer’s instructions. Intensity
values of each scanned feature were quantified using Agilent
Feature Extraction Software, which performs background subtrac-
tions. Normalization was performed using Agilent GeneSpring GX
version 11.0.2. (per chip normalization: 75 percentile shift; per
gene normalization: none).

2.4. Extraction of the age-reflecting transcripts

Analysis was performed with probes annotated with Entrez
Gene ID. Only those probes whose expression data were available
at least 1 sample were taken for further analyses. Because the anal-
yses were done on different occasions on samples from sites H and
M, the batch cluster effect could give rise to bias to the microarray
data. Therefore, we handled the data from the two sites indepen-
dently to identify the AR transcripts. With this precaution, we se-
lected transcripts whose expression levels correlated with age
irrespectively of the two cohort sites. To further clarify the issue,

Pearson’s correlation and its significance between normalized gene
expression levels and age were calculated under the R environ-
ment (http://cran.at.r-project.org), and transcripts with false dis-
covery rate (FDR) of 0.25 or less in both sites were selected as
the AR transcripts. We further confirmed the findings by taking
GSE23515 in NCBI Gene Expression Omnibus (GEO) database [4]
that included peripheral blood microarray datasets with age
information.

2.5. Hierarchical clustering analysis

Hierarchical clustering analyses based on per gene normaliza-
tion (divided by the median value of all samples for each tran-
scripts) were performed by Spearman rank correlation similarity
metric and complete linkage clustering algorithm using TIGR Mul-
tiExperiment Viewer software (http://www.tm4.org/). Distance
threshold for dividing the cluster was set to 0.65.

2.6. Assignment of the AR transcripts to blood immune cell types

Identification of the source cells expressing the AR transcripts
was done with GSE22886, the sets of Affymetrix microarray data
from a variety of resting and activated human immune cells in
NCBI GEO [4,5]. Probe information was combined with Entrez Gene
ID. There were no Affymetrix probes corresponding to AMZ1 (Gene
ID: 155185). Replicated data with the same cell type were aver-
aged. Cell types that exceeded 1.5 IQR of the upper quartile were
defined as “Expected cell types”.

2.7. Real-time quantitative reverse transcription PCR

cDNA was synthesized from 500 ng total RNA using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA,
USA). Gene expression was analyzed by real-time quantitative
PCR using Applied Biosystems 7900HT real-time PCR system. Spe-
cific sets of primers and TagMan probes were obtained from Ap-
plied Biosystems. Gene expression level of the target transcript
(CD248) was normalized with the values of an endogenous control
gene (GAPDH).

Table 1
Summary of demographics of the subjects enrolled in this study.
Site H Site M
Subject number 90 64
Gender
Male 46 35
Female 44 29
Age 40+ 10 (min: 23, max: 66) 53 +11 (min: 27, max: 77)
BMI (kg/m?) 21.1 £2.3 (min: 16.3, max: 27.5) 22.2 £2.7 (min: 16.6, max: 28.5)
sBP (mmHg) 110 £11 (min: 90, max: 144) 121 £ 16 (min: 92, max: 156)
dBP (mmHg) 66 +9 (min: 50, max: 90) 76 9 (min: 57, max: 97)
AST (IU/L) 20 £ 5 (min: 10, max: 36) 21+ 5 (min: 13, max: 30)
ALT (IU/L) 18 + 8 (min: 6, max: 39) 19 £ 6 (min: 10, max: 32)
Glucose (mg/dL) 88 £9 (min: 76, max: 127) 94 +9 (min: 79, max: 120)
HbA1lc (%) 5.0 £0.2 (min: 4.5, max: 5.6) 5.2 £0.3 (min: 4.2, max: 6.1)

Cholesterol (mg/dL)
HDL (mg/dL)
Triglycerides (mg/dL)
RBC (10%/pL)
Platelet (10%/uL)
WEC (/uL)
Neutrophil (/puL)
Eosinophil (/pL)
Basophil (/pL)
Monocyte (/L)
Lymphocyte (/uL)

188 + 27 (min: 123, max: 245)

67 £ 14 (min: 40, max: 108)

75 £33 (min: 30, max: 192)

463 + 46 (min: 345, max: 577)

22.8 £6.0 (min: 11.3, max: 38.0)
5688 + 1388 (min: 2900, max: 9300)
3455 + 1095 (min: 1372, max: 6125)
147 £ 109 (min: 9, max: 539)
35+21 (min: 7, max: 112)

296 £ 104 (min: 129, max: 644)
1755 + 505 (min: 896, max: 3572)

196 +29 (min: 134, max: 248)

62 +15 (min: 30, max: 94)

89 + 38 (min: 40, max: 194)

463 £ 35 (min: 404, max: 569)
23.9£5.8 (min: 10.6, max: 47.6)
4998 + 1235 (min: 2910, max: 7940)
2927 + 940 (min: 1118, max: 5057)
151 £ 104 (min: 12, max: 572)

21 +12 (min: 0, max: 52)

261 %75 (min: 90, max: 449)

1638 £ 499 (min: 698, max: 3008)

Data are expressed as mean * SD.
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