Structural requirement of HCV-associated cholesterol

()

{v) 25-HC .

Cholesterol (vi) Sitosteroj

|

(vit) Ergoster_o!

3

§

9

9

(ix) DHC /\j
N

{x) 7-DHC JC [

HO' s

{vi}) Ergosterol

0} 4-Cholestenone7d\)j
o
(i) Cholesteryl m
acetate
HO.

(iii) Cholesteryl

«J
o
methyl ether /CE/\/
~ x
o
B

HO

(viii) Coprostanol

lole

x

-

3

(iv) 5u-Cholestane

—
o
N

Infectivity { 96 of control )

(c)

100k [ ]0.01 mM
] 0.1 mM
80 H 1 mM
60 f
40 f
20 H
il
58 _-‘?, @ @ @ W M e ) ) ) ®
@
8 bk
Fok
& _ wo} *
g2
ol =
<8 sot *
xs
28
Flamlil]

NT B-CD chot ) (v} ) (i) (i &

Fig. 1. Role of virion-associated cholesterol analogues in virus infection. (a) Structures of sterols used in this study. Variations in
the 3-hydroxyl group (lower left), aliphatic side chain (upper right) or ring structure (lower right) of cholesterol are shown. (i-x)
Compounds studied in (b) and (c). (b) Effect of replenishment with sterols on HCV infectivity. Intracellular HCV core levels were
determined at 72 h p.i. as the indicator of infectivity, which is represented as a percentage of the untreated HCVcc level (NT).
(c) Effects of virion-associated sterols on virus internalization. HCV RNA copies in cells after virus internalization were quantified
and are shown as percentages of the untreated HCVcc level (NT). (b, c) Means+sD of four samples are shown. *FP<0.05;
**P<0.01, compared with B-CD-treated virus (unpaired Student's t-test). Data are representative of at least two experiments.

recovered by addition of cholesterol at 0.01-1 mM in a
dose-dependent manner (Fig. 1b). Among the cholesterol
analogues tested, variants with a 3f-hydroxyl group (4-
cholestenone, cholesteryl acetate, cholesteryl methyl ether
and 5a-cholestane) or variants with an aliphatic side chain
[25-hydroxycholesterol (25-HC), sitosterol and ergosterol]
exhibited no or little effect on the recovery of infectivity of
B-CD-treated HCV (Fig. 1b, lanes i-vii). In contrast,
addition of variants in the structure of the sterol rings
[coprostanol or dihydrocholesterol (DHC)] at 1 mM
restored infectivity to around 50% compared with non-
treated virus control (Fig. 1b, lanes viii and ix). Other
variants in the ring structure [7-dehydrocholesterol (7-
DHC) and ergosterol, which is also a variant with an
aliphatic side chain as indicated above] did not show any
increase in the infectivity of B-CD-treated virus (Fig. 1b,
lanes x and vii).

We demonstrated previously that HCV-associated choles-
terol plays an important role in the internalization step of
the virus, but not in cell attachment during virus entry
(Aizaki et al, 2008). The effect of virion-associated
cholesterol analogues on virus attachment to cells and

following internalization was determined. HCVcc, treated
with B-CD with or without subsequent replenishment with
sterols, was incubated with Huh7-25-CD81 cells, which
stably express CD81 (Akazawa et al., 2007), for 1 h at 4 °C.
As an internalization assay, the incubation temperature was
shifted to 37 °C post-binding procedure and maintained
for 2 h. The cells were then treated with 0.25 % trypsin for
10 min at 37 °C, by which >90% of HCV bound to the
cell surface was removed (data not shown; Aizaki et al,
2008). Internalized HCV was quantified by measuring the
viral RNA in cell lysates by real-time RT-PCR (Takeuchi
et al, 1999). B-CD treatment or supplementation with
sterols of B-CD-treated HCV had little or no effect on virus
attachment to the cell surface (data not shown). Regarding
virus internalization (Fig. lc), treatment of HCVcc with
1 mM B-CD resulted in approximately 70 % reduction of
viral RNA. The reduced level of the internalized HCV
recovered markedly to approximately 80% of the
untreated HCVcc level by replenishment with 1 mM
cholesterol. In agreement with the results shown in Fig.
1(b), addition of coprostanol or DHC to the B-CD-treated
virus caused a significant recovery of virus internalization,
suggesting that coprostanol and DHC associated with the
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virion have the ability to play a role in HCV internalization
into cells, in a manner comparable to cholesterol (Fig. lc,
lanes viii and ix). No or only a little recovery of virus
internalization was observed by loading with other choles-
terol analogues, such as 4-cholestenone, 5x-cholestane, 25-
HC or 7-DHC (Fig. 1c, lanes i, iv, v and x).

To monitor the effect of cholesterol analogues on the
physical characteristics of HCV, we next investigated
buoyant-density profiles by using sucrose density-gradient
centrifugation, in which untreated, B-CD-treated and
sterol-replenished HCVcc were concentrated and layered
onto continuous 10-60 % (w/v) sucrose density gradients,
followed by centrifugation at 35000 r.p.m. (151000 g) for
14 h. Fractions were collected and analysed for the core
protein. Fig. 2 shows that the virus density became higher
after treatment with B-CD and that cholesterol-replenished
virus shifted the density of B-CD-treated HCV to the non-
treated level. Consistent with the result shown in Fig. 1(b),
no effect on restoration of the buoyant densities of HCV
was observed using variants with modifications in either
the 38-hydroxyl group (4-cholestenone, cholesteryl acetate
and 5o-cholestane) or the aliphatic side chain (25-HC and
sitosterol). In contrast, variants in the sterol ring structure
(coprostanol, DHC and 7-DHC) had an ability to recover
the density of B-CD-treated virus to that of non-treated
virus.

Incorporation efficiency of the sterols into the cholesterol-
depleted HCVcc was further determined by gas chromato-
graphy with flame ionization detection (see Supplementary
Table S1, available in JGV Online). Under the experimental

conditions used, exogenously supplied cholesterol after
B-CD treatment was able to restore cholesterol content in
HCVcc almost to initial levels. When 4-cholestenone,
cholesteryl acetate, 25-HC, DHC or 7-DHC was added to
B-CD-treated HCVcc, virion-associated sterol levels were
146, 157, 68, 96 or 73 %, respectively, of that of the non-
treated control. The proportion of cholesterol analogues to
the total sterols incorporated was >30% when 4-
cholestenone, cholesteryl acetate, DHC or 7-DHC was
used; however, the proportion in the case of 25-HC was
only 3%. It may be that the hydrophilic modification of
the aliphatic side chain leads to poor association with
HCVcc.

Collectively, exogenous variants with the 3f-hydroxyl
group, such as 4-cholestenone and cholesteryl acetate,
can be incorporated into B-CD-treated HCVcc, but
resulted in no recovery of virus infectivity, indicating the
importance of the 3f-hydroxyl group of cholesterol
associated with the virus envelope in HCV infectivity. In
contrast, two variants with modification in their sterol ring
structures, coprostanol and DHC, have the ability to
substitute for cholesterol. However, 7-DHC, another
variant within the sterol ring, is incorporated readily into
the depleted virion and restores the virus density, HCV
replenished with 7-DHC is not infectious. These facts
suggest that reduced forms of the sterol ring (coprostanol
and DHC) in virion-associated cholesterol can be permit-
ted for maintaining virus infectivity. However, a molecule
with an additional double bond in the ring structure (7-
DHC) seems to fail to exhibit infectivity, presumably
because the change reduces structural flexibility in the
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Fig. 2. Sucrose density-gradient profiles of lipid-modified HCV. Core protein concentration in each fraction of untreated HCVcc
(M), B-CD-treated HCVcc (O) or HCVcc replenished with sterols (A) was determined. Corresponding densities of fractions
are shown as a dashed line (@).
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sterol molecule and consequently in the virion structure.
Coprostanol and DHC are cis and trans isomers, which are
often known to have different physical properties. How-
ever, based on their molecular models, these two sterols, as
well as cholesterol, possibly have similar spatial arrange-
ments of the aliphatic side chain, the hydroxyl group and
four-ring region because of their structural flexibility. In
contrast, the spatial arrangement of 7-DHC does not seem
comparable to that of cholesterol. Campbell et al. (2004)
reported that replacement of HIV-1-associated cholesterol
with raft-inhibiting sterols, including coprostanol, sup-
presses HIV-1 infectivity, whereas replacement with raft-
promoting analogues such as DHC and 7-DHC (Megha
et al., 2006; Wang et al., 2004; Xu & London, 2000; Xu
et al, 2001) maintains infectivity, demonstrating the
importance of the raft-promoting properties of virion-
associated cholesterol in HIV-1 infectivity (Campbell et al.,
2004). It is therefore likely that HCV-associated cholesterol
is involved, at least in part, in virus infectivity via a
molecular basis independent of lipid-raft formation.

The density of blood-circulating HCV is heterogeneous,
ranging approximately from <1.06 to 1.25 g ml™ ', and it is
proposed that low-density virus is associated with very-
low-density lipoprotein (VLDL) and/or low-density lipo-
protein (LDL) (André ef al, 2002; Thomssen et al., 1993).
It has recently been demonstrated that the pathway for
VLDL assembly plays a role in assembly and maturation of
infectious HCVcc (Icard et al, 2009). HCVcc with low
density, which is presumably associated with VLDL or
VLDL-like lipoproteins, was found to possess higher
infectivity than that with high density (Lindenbach et al,
2006). This study, as well as our earlier work, indicated that
removal of cholesterol from HCVcc by B-CD increased the
buoyant density of the virus and reduced its infectivity.
Thus, one may hypothesize that the virion-associated
cholesterol plays a role in the formation of a complex
with lipoproteins or apolipoproteins. To address this,
the interaction between apolipoproteins and HCVcc with
or without B-CD treatment was investigated by co-
immunoprecipitation (Co-IP kit; Thermo Scientific).
Virus samples were subjected separately to AminoLink
Plus coupling resin, which was conjugated with a mono-
clonal antibody (mAb) against apolipoprotein E (ApoE) or
apolipoprotein B (ApoB), and incubated at 4 °C for 4 h.
After washing, total RNAs were extracted from the result-
ing resin beads by using TRIzol reagent (Invitrogen),
followed by quantification of HCV RNA as described above
(Takeuchi et al, 1999). As indicated in Fig. 3(a), only a
fraction of HCVcc was precipitated with an anti-ApoB
mAb. In contrast, an anti-ApoE mAb was able to
coprecipitate a considerable amount of the virus. It is of
interest that B-CD-treated HCVcc hardly reacted with the
mAb; however, the cholesterol-replenished virus was found
to recover its reactivity, suggesting a role for virion-
associated cholesterol in the formation of the HCV-
lipoprotein/apolipoprotein complex. The results obtained
are consistent with findings indicating that HCVcc can be

captured with anti-ApoE antibodies, but capture with anti-
ApoB antibodies is inefficient (Chang et al., 2007; Hishiki
et al., 2010; Huang et al, 2007; Jiang & Luo, 2009; Merz
et al., 2011; Nielsen et al., 2006; Owen et al., 2009), as well
as with a recent model of structures of infectious HCV, in
which HCVecc looks like ApoE-positive and primarily
ApoB-negative lipoproteins (Bartenschlager et al., 2011).
We further tested the ApoE distribution in the density-
gradient fractions of HCVcc samples (see Supplementary
Fig. S1, available in JGV Online). With or without
cholesterol depletion, ApoE was detected at a wide range
of concentrations: 1.04 g ml™" (fraction 1) to 1.17 g ml™*
(fraction 9). However, its level in the fractions at
1.10 g ml™" (fraction 5) to approximately 1.17 g ml™*
was moderately decreased in the case of B-CD-treated
virus.
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Fig. 3. Effect of virion-associated sterols on HCV—apolipoprotein
interaction. (a) HCVcc samples with no treatment (NT), B-CD-
treated (B-CD) or replenished with cholesterol (chol) were
incubated with an amine-reactive resin coupling either an anti-
ApoB mAb (ApoB) or an anti-ApoE mAb (ApoE). Control resin that
is composed of the same material as above, but is not activated,
was used as a negative control [Ab (=) control]. (b) B-CD-treated
HCVcc was incubated with cholesterol (chol), DHC, 7-DHC or 4-
cholestenone, followed by immunoprecipitation with the resin
coupling with anti-ApoE mAb. (a, b) HCV RNAs in the
immunoprecipitates were quantified and are indicated as percen-
tages of the amount of input HCVec RNA. Means+sbD of three
samples are shown. Data are representative of three experiments.
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Whether cholesterol analogues could have a comparable
role in HCV association with lipoprotein was examined
further (Fig. 3b). Addition of DHC or 7-DHC, but not 4-
cholestenone, to B-CD-treated HCVcc resulted in the
recovery of coprecipitation of the virus with anti-ApoE.
The results are correlated with the effect of sterols on the
restoration of the buoyant densities of lipid-modified
HCVec (Fig. 2), suggesting that virion-associated choles-
terol variants with modification in the sterol rings, but not
in either the 3f-hydroxyl group or the aliphatic side chain,
may tolerate the interaction between HCV and ApoE-
positive lipoprotein.

Given that 7-DHC restored the association of HCV with
ApoE and virion buoyant density, but did not restore
infectivity, cholesterol and/or its analogues might affect
the ability of virion membranes to fuse with the cell,
independent of ApoE association. As cholesterol is an
important mediator of membrane fluidity, one may
hypothesize that HCV-associated cholesterol is involved
in infectivity through modulation of the membrane
fluidity. It has been reported that, in patients with
Smith-Lemli-Opitz syndrome, a disorder of the choles-
terol-synthesis pathway, cholesterol content decreases and
7-DHC increases in the cell membranes, leading to
alteration of phospholipid packing in the membrane and
abnormal membrane fluidity (Tulenko et al, 2006).

It is now accepted that maturation and release of infectious
HCV coincide with the pathway for producing VLDLs,
which export cholesterol and triglyceride from hepatocytes.
This study revealed roles for the structural basis of virion-
associated cholesterol in the infectivity, buoyant density
and apolipoprotein association of HCV. Although it was
shown that HCV virions in infected patients, so-called
lipo-viro particles, exhibited certain biochemical prop-
erties such as containing ApoB, ApoC and ApoE (Diaz
et al., 2006; Bartenschlager et al., 2011), our studies provide
useful information and the basis for future investigations
toward a deeper understanding of the biogenesis pathway
of infectious HCV particles.
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Hepatitis C virus (HCV) is a major cause of liver cancer, and it is therefore important to develop a prophy-
lactic strategy for HCV infection. In recent years, a system for cell culture of the infectious HCV particle
has been established, and the inactivated particle has potential as an antigen for vaccine development. In
this study, we aimed to establish highly efficient HCV particle purification procedures using the following
serum-free culture of HCV particles. First, naive human hepatoma Huh7 cells were grown in serum-free
medium that was supplemented with human-derived insulin, transferrin and sodium selenite. Then,

Keyw O.n.is'. : in vitro transcribed JFH-1 or J6/JFH-1 chimeric HCV-RNA was transfected into the serum-free conditioned
Hepatitis C virus s . . .

Cell culture Huh?7 cells. Infectious HCV was secreted into the culture supernatant with the same efficiency as that
Serum-free from cells cultured in FBS-containing medium. The HCV-core protein and RNA continued to be detected

in the culture supernatant when the infected cells were subcultured in serum-free medium. Sucrose
gradient centrifugation analyses indicated that the profiles of HCV-core, HCV-RNA and the infectivity of
HCV particles were almost identical between HCV from FBS-supplemented and serum-free cultures. We
further determined that anti-CD81, anti-SR-BI and anti-E2 antibodies inhibited infection by serum-free
cultured HCV to a greater extent than infection by HCV from FBS-supplemented cultures. These HCV
particles also differed in the level of associated apoplipoproteins: the ApoE level was lower in serum-free
cultured HCV. ApoB and ApoE antibody-depletion assays suggested that infection of serum-free cultured
HCV was independent of ApoB and ApoE proteins. These data suggest that lipids conjugated with HCV
affect infection and neutralization.

Apolipoprotein

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is an enveloped virus that belongs to
the Hepacivirus genus of the Flaviviridae family. HCV is a human
pathogen that is a major cause of chronic hepatitis, liver cirrho-
sis and hepatic carcinoma. HCV therapy mainly involves treatment
with pegylated-interferon and rivabirin; however, these agents are
not very effective for patients with high titer HCV-RNA and geno-

Abbreviations:  HCV, hepatitis C virus; ITS, insulin-transferrin-selenium;
MOI, multiplicity of infection; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium;  VLDL, very-low-density
lipoprotein.
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type 1. Thus, itis necessary to develop new, more effective therapies
and preventive care treatments for HCV. It was discovered that
a genotype 2a strain, JFH-1, efficiently replicated in Huh7 cells
[1]. Moreover, an in vitro culture system that generates infectious
HCV has also been successfully developed using the JFH-1 genome
[2-4]. Recently, it has been shown to be possible to produce vari-
ous chimeric HCVs by replacement of the JFH-1 structural protein
region with the same region from other strains [5]. These chimeric
HCV particles are expected to lead to a HCV vaccine as well as to
new pharmaceuticals.

Huh7 is a human hepatoma cell line that was established in
1982 [6]. This cell line can be cultured in serum-free medium
supplemented with selenium. Serum-free culture has advantages
for the simple purification and preparation of animal-origin-free
virus particles. In this study, we successfully produced HCV par-
ticles in serum-free culture and compared the properties of these
particles to those from FBS-supplemented cultures. Interestingly,
serum-free cultured HCV was susceptible to CD81-, SR-BI- and
HCV-E2-neutralizing antibodies. It was recently suggested that
HCV particles associate with lipids to form viro-lipo particles [7-9],
and it has also been shown that HCV particles can associate with
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lipids to form exosomes [10,11]. We examined apolipoprotein asso-
ciation of serum-free cultured HCV. We found that this virus had
a lower ApoE level than HCV from serum-supplemented cultures
and that infection by this virus was apolipoprotein-independent.

2. Materials and methods
2.1. Cell culture

Huh7, Huh7.5.1 ([4], a generous gift from Dr. Francis V. Chis-
ari), Huh7-25 and Huh7-25-CD81 [12] cell lines were cultured in
5% CO5 at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (DMEM-10). Our previous FACS
analysis indicated that Huh7-25 cells do not express CD81, and
that Huh7-25-CD81 constitutively express CD81, on the cell sur-
face [12]. For serum-free culture, the cells were conditioned and
cultured in DMEM/F-12 supplemented with Insulin-Transferrin-
Selenium-X (ITS) (Invitrogen, Carlsbad, CA).

2.2. Establishment of serum-free cultured cells

Sub-confluent Huh7 cells that were cultured in DMEM-10 were
passaged in 10-cm dishes (Nunc, Rochester, NY) in DMEM contain-
ing 5% FBS. The cells were then sequentially passaged in DMEM
containing 2, 1 and 0.5% FBS and were ultimately passaged in
serum-free medium. The cells were detached for passage in serum-
free culture using TrypLE Sellect (Invitrogen).

2.3. Cell growth assay

Cell growth was assayed by MTS (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay using the CellTiter 96%® AQueous One Solution Cell Proliferation
Assay kit (Promega, Madison, WI) according to the manufacturer’s
instructions. In brief, 1 x 10* cells were seed into a 96-well culture
plate (IWAK], Tokyo, Japan) in 100 p.L of media, and 20 p.L of the
assay solution was added into each well at the appropriate time.
After incubation for 1h at 37 °C, the absorbance of the solution at
490 nm was measured.

2.4. Plasmids

pJFH1 and pJ6/JFH1 were generated as previously reported
[2,13].

2.5. RNA synthesis

RNA synthesis was performed as described previously [14].
Briefly, the pJFH1 and pJ6/JFH1 plasmids were digested with Xba I
and were treated with Mung Bean nuclease (New England Biolabs,
Beverly, MA). The digested plasmid DNA fragment was then puri-
fied and was used as a template for RNA synthesis. HCV-RNA was
synthesized in vitro using a MEGAscript™ T7 kit (Ambion, Austin,
TX). The synthesized RNA was treated with DNasel, followed by
acid phenol extraction to remove any remaining template DNA.

2.6. RNA transfection

RNA transfection was performed as described previously [15].
Briefly, trypsinized cells were washed with Opti-MEM I™ reduced-
serum medium (Invitrogen) and were resuspended at a density
of 7.5 x 108 cells/mL in Cytomix buffer [1]. RNA (10 pg) that was
synthesized from pJFH1 or pJ6/JFH1 was mixed with 400 p.L of the
cell suspension and was transferred into an electroporation cuvette
(Precision Universal Cuvettes, Thermo Hybrid, Middlesex, UK). The
cells were then pulsed at 260 V and 950 j.F with the Gene Pulser [I™

apparatus (Bio-Rad, Hercules, CA). Transfected cells were immedi-
ately transferred to a 6-well plate, in which each well contained
3 mL of culture medium.

2.7. Infectivity titration

Huh7.5.1 cells were employed to determine the infectivity titer
using end point dilution and immunofluorescence as described
below. Briefly, each sample was serially diluted 5-fold in DMEM-10
and a 100-pL aliquot was used to inoculate Huh7.5.1 cells. Infec-
tion was examined 72 h post-inoculation by immunofluorescence
using a mouse monoclonal anti-Core antibody 2H9 and Alexa 488-
conjugated secondary anti-mouse IgG antibody. The infectious foci
were counted. The titer was then calculated and is indicated as focus
forming units per mL (FFU/mL).

2.8. HCV inhibition assay

To analyze the inhibitory effects of anti-CD81 and anti-SR-BI
against virus infection, naive Huh7.5.1 cells (2 x 10%) were seeded
into a 48-well plate and were incubated for 1 h at 37 °C with JS-81
or rat anti-SR-BI serum ([16], a generous gift from Dr. H. Barth) that
was serially diluted with DMEM. Mouse IgG1 (Sigma, St. Louis, MO)
and rat pre-immune serum were used as controls for JS-81 and anti-
SR-BI, respectively. Antibodies were removed and the cells were
washed once with PBS. The cells were then inoculated with viruses
(MOI 0.1) from FBS-supplemented or serum-free culture for 3 h,
and were then washed with PBS and cultured with DMEM-10 for
72 h.The cells were washed three times with PBS and 100 .L of Pas-
sive Lysis Buffer (Promega) was added into each well. Cell lysates
were collected and HCV-core concentrations were measured as
described below.

To analyze the inhibitory effects of anti-E2 against HCV particles,
viruses that were purified from FBS-supplemented or serum-free
culture (2 x 103 FFU) were mixed with mouse anti-E2 (AP33, a kind
gift from Genentech, Inc.) antibody, and were then incubated for
30 min at room temperature. Naive Huh7.5.1 cells (1 x 104) were
seeded into a poly-D-lysine coated 96-well plate, and cells were
inoculated with the virus-antibody mixtures, which were serially
diluted with DMEM-10, and, after 3 h, the mixtures were removed
and the cells were washed once with PBS. DMEM-10 was added into
each well, and the cells were cultured for 72 h. The cells were fixed
with methanol for 15min at —20°C, and the infected cells were
stained with rabbit anti-NS5A antibody using immunofluorescence
as described above [17]. Percentage infection was calculated from
the infectious titer of each diluted virus.

2.9. Sucrose density gradient analysis and HCV purification

Supernatants (4 mL) of J6/JFH-1 HCV cells were layered on top
of a preformed continuous 10-60% sucrose gradient in 10 mM Tris,
150 mM NaCl, and 0.1 mM EDTA (TNE buffer). HCV-core levels,
HCV-RNA titer and infectious titers of the media are shown in
the supplementary table. The gradients were centrifuged using an
SW41 rotor (Beckman Coulter, Fullerton, CA) at 35,000 rpm for 16 h
at4°C, and fractions (500 L each) were collected from the bottom
of the tube. The density of each fraction was estimated by weighing
a 100-p.L drop from fractions of a gradient run.

Partially purified HCV was prepared by collecting the peaks of
HCV-core and HCV-RNA and was used for the infection assay and
for characterization.

2.10. Quantification of HCV-core protein and RNA

To estimate the levels of HCV-core proteins, the concentration
of HCV-core proteins was measured. Aliquots of samples were
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assayed using the HCV Core ELISA kit (Ortho Clinical Diagnos-
tics, Tokyo, Japan). Viral RNA was isolated from harvested culture
media or from sucrose density gradient fractions using the QiaAmp
Viral RNA Extraction kit (Qiagen, Tokyo, Japan). Copy numbers
of HCV-RNA were determined by the real-time detection reverse
transcription-polymerase chain reaction (RTD-PCR) using an ABI
Prism 7500 fast sequence detector system (Applied Biosystems,
Tokyo, Japan) [18].

2.11. Immunoprecipitation of HCV particles

Protein G-Sepharose (GE Healthcare, Little Chalfont, UK) was
mixed with DMEM-10 for 1h at 4°C, and was spun down by
centrifugation for 1 min at 5000 rpm (TOMY, Tokyo, Japan). HCV
particles (1 x 107 copies HCV-RNA) were mixed with the resin and
were incubated overnight at 4°C with rotation. The sample was
centrifuged for 1min at 5000 rpm, and the supernatant was then
collected. A 7.5 L aliquot of anti-human ApoB (AB742, Millipore,
Billerica, MA) or anti-human ApoE polyclonal antibody (AB947, Mil-
lipore) was added into the pre-cleared virus fluid (100 p.L), and the
mixture was incubated overnight at 4 °C. Mouse IgG (5 pg, Sigma)
was used as a control. The mixture was mixed with the resin and
incubated for 1 h at 4 °C, with rotation. The supernatants were col-
lected following centrifugation and the pellets were then washed
twice with PBS and suspended in DMEM-10. Viral RNA was eluted
from both the supernatants and the suspended pellets using the
QIAamp Viral RNA mini kit (Qiagen). The HCV-RNA titer present in
each total RNA from the supernatant and the pellet was evaluated,
and the infectivity of the supernatant was measured by inoculation
of naive Huh7.5.1 cells.

3. Results
3.1. Establishment of serum-free cultured Huh7 cells

Huh?7 cells are routinely maintained in our laboratory by culture
in 10% FCS-supplemented medium. To examine HCV particles pro-
duced from infected cells cultured under serum-free conditions,
we first established a serum-free culture system which allowed
the proliferation of Huh7 cells. It was previously reported that
Huh7 cells could be cultured in serum-free media that contains
selenium [6]. We therefore examined the growth of Huh7 cells
following gradual reduction of the level of FBS and ultimately
culture in completely serum-free, selenium-supplemented (ITS-
containing) media. The cells could be passaged and cultured over
a long period in this medium, although the observed growth, as
assayed using an MTS assay, was slightly lower than that of FBS-
supplemented cultures for all the cell lines used in this study (Fig. 1
and Supplementary Fig. S1). Based on this result, we used ITS-
supplemented media for the evaluation of serum-free cultured
HCV.

3.2. Production of HCV particles from serum-free cultures

We next tested the efficiency of HCV particle production in
serum-free culture. In vitro transcribed HCV-RNAs were transfected
into the CD81-negative Huh7-25, and the CD81 positive Huh7-25-
CD81 cell lines. The re-infection rate is known to be negligible when
Huh7-25 is used [19]. When synthetic RNAs of JFH-1 or J6/JFH-1
strains were transfected, the HCV-core protein and HCV-RNA were
detected in the culture media, and each medium was infectious for
naive Huh7 cells (Fig. 2, Supplementary Table). The specific infec-
tivity of each medium (the values of the infectivity titer divided
by the values of the HCV-core protein or of HCV-RNA) of J6/JFH-1
HCV was higher than that of JFH-1 (Fig. 2C, Supplementary Table).
These results showed that infectious HCV was secreted into the
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Fig. 1. Cell proliferation assay of serum-free cultured Huh7 cells. Huh7 cells
that were seeded into a 96-well plate (1 x 10%/well) were sequentially grown in
DMEM]/F-12 media containing 10%, 1%, 0.5% and 0% fetal bovine serum. At indicated
times, an MTS cell proliferation assay was performed using a commercial kit.

culture medium of both cell lines. The slightly higher HCV produc-
tion of Huh7-25-CD81 cells may be due to re-infection of secreted
virus particles. To determine if HCV-infected cells could be cultured
for several passages in serum-free medium, serum-free cultured
Huh7 cells were inoculated with infectious J6/JFH-1 chimeric HCV
at multiplicity of infection (MOI) of 0.2 and were then cultured for a
long period, following which the HCV-core protein and HCV-RNA in
the culture medium was analyzed. The HCV-core protein and HCV-
RNA were continuously detected in serum-free media, and their
level was almost equal to that of infected FBS-supplemented Huh7
culture (Fig. 3).

3.3. Characterization of serum-free cultured HCV by sucrose
density gradient analysis

We next compared the characteristics of HCV viruses produced
under serum-free and serum-supplemented conditions by density
gradient analysis. Each infectious supernatant was layered on top of
a preformed continuous 10-60% sucrose gradient and centrifuged.
Eighteen fractions were obtained and HCV-core and RNA titers of
each fraction were determined. The detected virus titers in each
density fraction were different mainly due to differences in the
amountofinputvirus, as shown in the supplementary table. As pre-
viously reported, infectivity of all viruses was observed in fractions
of lower density (approximately 1.10 g/mL sucrose) than those in
which the peaks of HCV-core and HCV-RNA were detected (Fig. 4),
although the specific infectivity of serum-free cultured HCV was
slightly lower than that of FBS-supplemented HCV. These results
suggested that the infectious HCV produced in the media by serum-
free cultures had similar characteristics to those of HCV produced
by serum-supplemented cultures. In addition, the virus particles
produced from CD81-positive and -negative cells exhibited similar
density profiles (Compare Fig. 4A, Bvs. C, D).

3.4. Antibodies differentially inhibit HCV from serum-free and
serum supplemented cultures

We next examined antibody inhibition of cell infection by
HCV derived from serum-free or serum-supplemented cultures.
CD81 and SR-BI are candidate cellular receptors for HCV infec-
tion. We first determined the inhibitory effect of anti-CD81 and
anti-SR-BI antibodies on infection of serum-free cultured HCV.
Interestingly, HCV infection by HCV derived from serum-free and
serum-supplemented cultures was differently inhibited by these
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Fig. 2. HCV production from serum-free cultured Huh7 cells transfected with in vitro transcribed JFH-1 and J6/JFH-1 RNA. In vitro transcribed JFH-1 and J6/JFH-1 RNA was
transfected into Huh7-25 (A) and Huh7-25-CD81 (B) cells that were grown under the indicated serum conditions. The culture supernatant was collected 4, 24, 48, 72 and
120 h post-transfection, and the HCV-core protein levels were analyzed using ELISA. All data were measured in triplicate, and are shown as means =+ SD. Infectivity of each
supernatant that was collected 120 h post-transfection was analyzed by infectivity titration, and specific infectivity was calculated by dividing the mean value of the infectivity
titer by that of the HCV-core protein (C). All data were measured in triplicate, and are shown as means = SD. Profiles of HCV-core, HCV-RNA and infectivity are indicated in

the Supplementary Table.
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Fig. 3. HCV production from serum-free cultured Huh7 cells infected with J6/JFH-1 HCV. Huh7 cells that were grown in 10% FBS-supplemented (A) or serum-free (B) DMEM/F-
12 were inoculated with the J6/JFH-1 virus (MO], 0.2), and media of sub-cultures were collected. The HCV-core (closed circles) and RNA (open circles) were analyzed using

ELISA and RTD-PCR, respectively.

Please cite this article in press as: Akazawa D, et al. Production and characterization of HCV particles from serum-free culture. Vaccine (2011),
doi:10.1016/j.vaccine.2011.04.069

- 1404 -



GModel
JVAC-11742; No.of Pages8

D. Akazawa et al. / Vaccine xxx (2011 ) XxX—-xxx 5
A B -
Specific Specific
RNA core infectivity RNA core infectivity
6.0 3.0 [ 3.0 6.0 3.0 [ 3.0
5.0 7 25 [ 25 5.0 1 |l 25 [ 25
4.0 7 F 2.0 [ 20 4.0 A 20 20
3.0 A L 15 + 15 3.0 4 15 F 1.5
2.0 - L 1.0 | 10 2.0 J C 10 f 10
1.0 4 . 0.5 | 05 1.0 | - 05 L 05
0 P==r T T T p 0 L0 0 4 - 0 L 0
125 1.20 1.15 1.10 1.05 1.00 125 120 115 110 1.05 1.00
buoyant density buoyant density
Specific Specific
RNA core infectivity RNA core infectivity
30 15 [ 3.0 30 15 [ 3.0
25 1 L 42 [ 25 257 L2 [ 25
20 - 2.0 20 1 r 2.0
L g -9
15 4 [ 4.5 15 A 1.5
L B - 6
10 A - 1.0 10 1 1.0
5 -3 tos 5 -3 Fos
0 4 b 0 L 0 0 o—0—or 5 ; o4 0 -0
125 1.20 1.15 1.10 1.05 1.00 1.25 1.20 1.15 1.10 1.05 1.00

buoyant density

buoyant density

Fig. 4. Density gradient analysis of the supernatants derived from infected serum-free cultured Huh7 cells. In vitro transcribed J6/JFH-1 RNA was transfected into Huh7-25
(A and B) and Huh7-25-CD81 (C and D) cells that were cultured under 10% FBS-supplemented (A and C) or serum-free (B and D) conditions. Culture supernatants (4 mL) were
collected 5 days post-transfection, and were then layered on top of a preformed continuous 10-60% sucrose gradient in TNE buffer. The gradients were centrifuged using an
SWA41 rotor at 35,000 rpm for 16 h at 4°C, and fractions (500 p.L each) were collected from the bottom of the tube. The buoyant density (g/mL, x-axis), the levels of HCV-core
(%102 pM, closed diamonds) and HCV-RNA (x 108 copies/mL, open diamonds), and the specific infectivity for naive Huh7.5.1 cells (FFU/pmol core, shown in gray) of each

fraction were analyzed as described in Section 2.

antibodies (Fig. 5A and B). Next, to confirm that the anti-E2 anti-
body, which has been shown to bind HCV particles, inhibits HCV
infection, HCV was pre-incubated with the anti-E2 antibody AP33
and inoculated into Huh7 cells. As shown in previous reports
[20,21], AP33 inhibited HCV infection. However, its inhibitory effect
was different for serum-free and serum-supplemented cultured
HCV. Thus, infection of serum-free cultured HCV displayed the
highest susceptibility to this antibody (Fig. 5C).

It has also been recently reported that VLDL associates with HCV
and affects infectious particle formation and infection [7-9,22,23].
We therefore determined whether apolipoproteins associate with
serum-free cultured HCV by immunoprecipitation of apolipopro-
teins from the culture media with anti-human apolipoprotein
antibodies, followed by analysis of the viral titer in the pellet
and the supernatant. HCV particles from both serum-free and
serum-supplemented cultures were associated with both ApoB and
ApOE (Fig. 6A). The percent of HCV from FBS-supplemented and
serum-free cultures respectively that was associated with ApoB
was 13.22 £0.09% and 16.84 +0.08% (p <0.05, t-test) and the per-
cent associated with ApoE was 20.77 £0.33% and 10.04 +0.04%
(p<0.005, t-test). Thus, serum-free HCV particles had a larger
amount of associated ApoB, and a smaller amount of ApoE, than
HCV from serum-supplemented cultures. We next determined
whether depletion of ApoE affects viral infectivity by measurement
of the infectivity titers of the virus in the supernatant following
ApOE precipitation. This experiment showed that the infectivity of

HCV from FBS-supplemented cultures, but not of HCV from serum-
free cultures, was down-regulated by depletion of ApoB and ApoE
(Fig. 6C). These results indicated that apolipoprotein associates dif-
ferently with viral particles derived from FBS-supplemented and
serum-free cultures, and, further, that the infectivity of HCV derived
from serum-free culture is only weakly affected by the associated
apolipoprotein. These data therefore suggest that, unlike HCV from
serum supplemented culture, and in contrast to previous reports
regarding HCV infection, infection of HCV derived from serum-
free culture may be apolipoprotein-independent. However, further
studies are required to confirm this possibility.

4. Discussion

In this study, we established a serum free cell culture system
for the production of HCV particles, and compared the char-
acteristics of these particles to those of HCV particles derived
from serum-supplemented cultures. The particles derived from
serum-free culture were infectious, suggesting that these parti-
cles would provide an appropriate antigen for the development
of antibodies and vaccines. The serum-free cultured HCV could
infect naive Huh7 cells. Furthermore, sucrose density gradient
analysis indicated that the profiles of HCV-core protein and HCV-
RNA of serum-free cultured HCV were almost the same as those
of HCV from FBS-supplemented cultures. Under serum-free con-
ditions, HCV components (core protein and RNA) tended to be
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