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Abstract
Hepatitis C virus (HCV) is a human pathogen associated with chronic liver disease. Recently, the
cell culture systems supporting complete replication and production of HCV genotype 2a (JFH1)
have been established. This study investigated the effect of low-speed centrifugation on HCV JFH1
infection of human hepatocytes (Huh7.5.1). Higher levels of HCV RNA expression were observed
in Huh7.5.1 cells infected with centrifugal inoculation of HCV JFH1 than those in the control cells.
This increased HCV RNA expression was associated with the elevated expression of HCV NS3
protein in the hepatocytes. The centrifugal enhancement of HCV infection was time and speed
dependent. However, the enhancement was not observed when centrifugation was performed before
or after HCV infection. In addition, there was no association between centrifugal enhancement and
the expression of HCV entry receptors (CD81 and claudin-1) and intracellular IFN-α in the
hepatocytes. These data indicate that centrifugal inoculation is a useful tool for increasing the
efficiency of HCV infection and replication in the target cells in vitro.
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1. Introduction
Hepatitis C virus (HCV) infection is a major cause of chronic hepatitis, liver cirrhosis and
hepatocellular carcinoma worldwide. HCV is a small, enveloped, and positive-sense RNA
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virus belonging to family Flaviviridae, genus Hepaivirus, which was first identified in 1989
(Choo et al., 1989). However, a protective vaccine is not yet available and the therapeutic
options are still limited (Lindenbach et al., 2006). The elucidation of the viral lifecycle and the
development of specific antiviral agents and preventive vaccine were long hampered by the
poor replication of HCV in cultured cells. Although HCV replication in vivo is extremely
robust (Neumann et al., 1998), the growth of HCV in cell cultures in vitro is very difficult.
Several groups recently reported the establishment of efficient in vitro cell systems for
complete and infectious HCV replication based on the hepatic cell lines and HCV genotype
2a JFH1 clone (Cai et al., 2005; Lindenbach et al., 2006; Wakita et al., 2005; Zhong et al.,
2005).

Centrifugal inoculation has been used for many years to enhance infections of a variety of
different types of viruses. The centrifugal enhancement of infection has been described for
human and murine cytomegaloviruses (Ho et al., 1993; Hodgkin et al., 1988; Hudson et al.,
1976; Osborn and Walker, 1968), retroviruses (Bahnson et al., 1995; Chuck et al., 1996; Ho
et al., 1993; Kotani et al., 1994; Pietroboni et al., 1989), bluetongue virus (Sundin and Mecham,
1989), adenoviruses (Nyberg-Hoffman et al., 1997), human herpesvirus type 6 (Pietroboni et
al., 1989) and influenza A virus (Reading et al., 2001). This study evaluated the impact of
centrifugation on HCV JFH1 infection of human hepatocytes.

2. Materials and Methods
2.1. Reagents

Mouse monoclonal anti-HCV NS3 antibody was generated by Dr. Guangxiang Luo
(Department of Microbiology, Immunology, and Molecular Genetics, University of Kentucky
College of Medicine, Lexington, Kentucky). Rabbit polyclonal anti-CD81 antibody was
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mouse monoclonal anti-
claudin-1 was purchased from Invitrogen Co. (Carlsbad, CA). Rabbit polyclonal anti-actin
antibody was purchased from Sigma-Aldrich Co. (St. Louis, MO). Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG and HRP-conjugated goat anti-mouse IgG were
purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).

2.2. Human hepatic cell lines and HCV plasmid
Hepatic cell line (Huh7.5.1) was kindly provided by Dr. Charles M. Rice (Laboratory of
Virology and Infectious Diseases, the Rockefeller University, New York). Cells were
maintained in the conditioned DMEM supplemented with 10% FCS, 10 mM Hepes, 100 units/
ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine at 5% CO2. The plasmid pJFH1
that contains the full-length HCV genotype 2a JFH1 cDNA downstream of the T7 RNA
promoter, was kindly provided by Dr. Takaji Wakita (Department of Microbiology, Tokyo
Metropolitan Institute for Neuroscience, Tokyo, Japan).

2.3. Preparation of infectious HCV JFH1 and HCV infection of hepatocytes
For generating infectious HCV JFH1, in vitro transcribed JFH1 genomic RNA was transfected
into Huh7.5.1 cells as described (Wakita et al., 2005). Cell culture media collected at day 10
post transfection were centrifuged and passed through 0.22 μm filter. The cell-free media were
used as JFH1 stocks, which were aliquoted and stored at −80°C.

2.4. Centrifugation
Huh7.5.1 cells were seeded into 12-well plates (1 × 105 cells/well) and cultured for 24 h and
then incubated with HCV JFH1 as described (Wakita et al., 2005). The incubated plates were
immediately centrifuged at 500×g or 1000×g for 30–120 min at room temperature following
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the addition of the JFH1 stock. After centrifugation, the inoculums were removed and the cells
were washed 5 times with plain DMEM. The cells were refed with the conditioned DMEM
and maintained at 5% CO2. Total cellular RNA samples were collected at day 2 and day 6 post
infection.

2.5. Real Time Reverse Transcriptase (RT) PCR
Total cellular RNA was extracted from Huh7.5.1 cells using Tri-Reagent (Molecular Research
Center, Cincinnati, OH) as described (Li et al., 2003). Total RNA (1μg) was then subjected to
reverse transcription using the reverse transcription system from Promega (Madison, WI). The
real time RT PCR for the quantification of HCV, CD81, claudin-1, IFN-α, Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA was performed with the iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA) as previously described (Li et al., 2004; Zhang
et al., 2005). The amplification results were visualized and analyzed using the software MyiQ
provided with the thermocycler (iCycler iQ real time PCR detection system, Bio-Rad
Laboratories). The levels of GAPDH mRNA were used as an endogenous reference to
normalize the quantities of target mRNA. The special oligonucleotide primers used in this
study were listed as follows: HCV: 5′-RAY CACTCC CCT GTG AGG AAC -3′ (sense) and
5′-TGR TGC ACG GTC TAC GAG ACC TC -3′ (anti-sense). CD81: 5′-CGC CAA GGA TGT
GAA GCA GTT C -3′ (sense) and 5′-TCC CGG AGA AGA GGT CAT CGA T-3′ (anti-sense).
Claudin-1: 5′-GGC AGA TCC AGT GCA AAG TC-3′ (sense) and 5′-TCT TCT GCA CCT
CAT CGT CTT-3′ (anti-sense). IFN-α: 5′-TTT CTC CTG CCT GAA GGA CAG-3′ (sense)
and 5′-GCT CAT GAT TTC TGC TCT GAC A-3′ (anti-sense). GAPDH: 5′-GGT GGT CTC
CTC TGA CTT CAA CA-3′ (sense) and 5′-GTT GCT GTA GCC AAA TTC GTT GT-3′ (anti-
sense). The oligonucleotide primers were synthesized by Integrated DNA Technologies Inc.
(Coralville, IA).

2.6. Western Blot
Total cell lysates from the hepatic cells were prepared using a radioimmune precipitation assay
(RIPA) buffer (Promega, Madison, WI) with 1% protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO). Protein concentrations were determined by DC protein assay kit (Bio-Rad,
Hercules, CA). Western blot were carried out as previous described (Li et al., 2003). HCV
NS3, CD81, claudin-1 and actin proteins were detected using antibodies against HCV NS3
(1:500), CD81 (1:1000), claudin-1 (1:400), and actin (1:3000), respectively. HRP-conjugated
goat anti-rabbit antibody (1:10 000) or goat anti-mouse antibody (1:5000) was used as the
second antibody. The bound antibodies were recognized by using SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce, Rockford, IL) according to the manufacturer’s
instruction. Prestained molecular markers (Bio-Rad, Hercules, CA) were used to determine the
molecular weight of immuno-reactive bands.

3. Results
3.1. The effect of centrifugation on HCV JFH1 infection

HCV JFH1 infection of Huh7.5.1 cells was greatly enhanced by centrifugal inoculation as
determined by HCV RNA real time RT PCR (Fig. 1). Centrifugation resulted in increased
expression of HCV RNA in Huh7.5.1 cells (Fig. 1). The centrifuged enhancement of HCV
RNA expression was positively related to the time and speed of centrifugation, as the longer
time (120 min) and higher speed (1000×g) resulted in the higher expression of HCV RNA in
the hepatocytes (Figs. 1 and 2). The increase of HCV infection by centrifugation was also
confirmed by Western blot assay, showing that the levels of HCV NS3 protein were elevated
in Huh7.5.1 cells infected by centrifugal inoculation (500×g or 1000×g; 120 min). (Fig. 3).
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3.2. The effect of centrifugation on CD81, claudin-1 and IFN-α expression in Huh7.5.1 cells
In order to explore the mechanism(s) involved in the centrifugal enhancement of HCV
infectivity, the effect of centrifugation on the expression of CD81 or claudin-1, two recognized
receptors for HCV entry into human hepatocytes (Cormier et al., 2004; Evans et al., 2007),
was investigated. The centrifugation had little effect on CD81 or claudin-1 expression in
Huh7.5.1 cells at both RNA and protein levels (Fig. 4A and 4B). In addition, the impact of
centrifugation on the endogenous IFN-α expressionαin Huh7.5.1 cell was examined. As
demonstrated in Fig. 4A, the centrifugation had little effect on the expression of intracellular
IFN-α in the hepatocytes.

4. Discussion
The technique of centrifugal inoculation has been used for many years to enhance infections
of different types of viruses. However, some viruses such as herpes simplex virus type 1 and
2, bovine herpevirus type 1 and pseudorabies virus did not show enhanced infectivity by
centrifugation (Sundin and Mecham, 1989). In addition, infection by some RNA viruses such
as Sindbis and hepatic necrosis virus of fish failed to response to centrifugation (Hudson,
1988). Effect of centrifugation on positive-sense RNA viruses, however, has not been
examined. This study for the first time demonstrated that low-speed centrifugation is effective
on the enhancement of HCV JFH1 infection of human hepatocytes. There is a simultaneous
requirement for both HCV and hepatocytes during the centrifugation, since enhancement
effects were not observed when either HCV or hepatocytes were centrifuged alone (data not
shown). These data indicate that the interaction between HCV and cell membrane of the
hepatocytes during centrifugation is important in promoting HCV infection.

HCV isolates are classified into genotypes and subtypes, and there are 6 major genotypes that
differ in their nucleotide sequence by 30–35% (Moradpour et al., 2007). The productive HCV
infectious systems have been achieved mainly with genotype 2a (JFH1). A recent report
described the production of HCV genotype 1a (H77-S strain) in human hepatocytes (Yi et al.,
2006). However, the infectivity of HCV H77-S in the hepatocytes was significantly lower (~
400-fold) than HCV genotype 2a (JFH1) (Yi et al., 2006). In this study, the investigation of
the effect of centrifugation on HCV H77-S infection showed that although there was an increase
(~5 fold) of viral RNA at 24h postinfection in the hepatocytes infected with centrifugal
inoculation of HCV H77-S, the virus failed to persist in the hepatocytes (data not shown).

The mechanism(s) of centrifugation enhancement of infectivity remain unclear. One possible
explanation is that most virus particles are too far from the cells layer to make the initial contact
that are needed for the establishment of infection, and that this barrier can be somehow
overcome by sedimenting virus particles to cell surface by centrifugal forces (Huyghe et al.,
1995; Kotani et al., 1994; Nyberg-Hoffman et al., 1997; Reading et al., 2001). However, this
explanation can not account for the viruses on which centrifugation has no effects (Sundin and
Mecham, 1989). In addition, virus particles in suspension are too small to be precipitated by
low-speed centrifugation. Since the enhancing effect of centrifugation for some viruses can be
observed even at fields below 100×g (Hodgkin et al., 1988), while much higher forces are
needed to bring other viruses out of suspension (e.g 10 000–12 000×g for 5–16 h) (Bahnson
et al., 1995), it is likely that other factors are involved in the enhancing effect of centrifugation
on viral infection. One possibility is that centrifugation influences the expression of cellular
genes that favor or resist viral infection (Hodgkin et al., 1988). Thus, the impact of
centrifugation on the known cellular factors that modulate HCV infection of human
hepatocytes was examined. In addition to determine the effect of centrifugation on the
expression of CD81 and claudin-1, the two recognized receptors used by HCV to entry into
hepatocyts (Cormier et al., 2004; Evans et al., 2007), whether centrifugation inhibit the
expression of IFN-α, a potent anti-HCV cytokine (Zhang et al., 2005), was also investigated.
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These cellular factors, however, were not affected by centrifugation (Fig. 4A and 4B).
Therefore, it is likely that there are some common and nonspecific changes occurred in the
cells during and after centrifugation, which facilitate certain step(s) of viral infection, for
example, the virus entry or uncoating.

In conclusion, despite unknown mechanism of the centrifuged enhancement of HCV infection,
centrifugation technique maybe a useful tool for the establishment of robust HCV infection in
the in vitro cell systems. Future studies are needed to determine whether centrifugation
enhances HCV infection of non-hepatic cells that serve as potential extrahepatic sites or a
reservoir for HCV replication.
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Fig. 1.
Effect of centrifugation on HCV JFH1 infection. Huh7.5.1 cells were incubated with HCV
JFH1 for 90 min with or without centrifugation (500×g; 1000×g). Total cellular RNA was
collected at the indicated time points and subjected to real time RT PCR for HCV and GAPDH
mRNA. Data are expressed as HCV RNA levels relative (fold) to control (without
centrifugation), which is defined as 1.0. The results shown are the mean ± SD of three
independent experiments (*, P<0.05; **, P<0.01, centrifugation vs. control).
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Fig. 2.
Effect of centrifugation time on HCV JFH1 infection. Huh7.5.1 cells were incubated with HCV
JFH1 with or without centrifugation (1000×g) for the indicated times. Total cellular RNA was
collected at day 2 and day 6 post infection and subjected to real time RT PCR for HCV and
GAPDH mRNA. Data are expressed as HCV RNA levels relative (fold) to control (without
centrifugation), which is defined as 1.0. The results shown are the mean ± SD of three
independent experiments (*, P<0.05; **, P<0.01, centrifugation vs. control).
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Fig. 3.
Western blot analysis of HCV NS3 protein expression in HCV JFH1-infected Huh7.5.1 cells.
Huh7.5.1 cells were incubated with HCV JFH1 for 120 min with or without centrifugation
(500×g; 1000×g). At day 6 post infection, equal amount of proteins extracted from infected
cells with or without centrifugation were subjected to Western blot assay using antibodies
against HCV NS3 and actin, respectively. The numbers in the right panel are the signal
intensities of protein bands of the Western blot expressed as densitometry scanning units
(DSUs). One representative of three experiments with similar results is shown.
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Fig. 4.
Effect of centrifugation on CD81, claudin-1 and IFN-α expression in Huh7.5.1 cells. (A) Total
cellular RNA was collected from Huh7.5.1 cells with or without centrifugation (1000×g) for
120 min immediately after centrifugation and subjected to real time RT PCR for CD81,
claudin-1, IFN-α and GAPDH mRNA. Data are expressed as mRNA levels relative (%) to
control (without centrifugation), which is defined as 100. The results shown are the mean ±
SD of three independent experiments. (B) Western blot analysis of CD81 and claudin-1 proteins
in Huh7.5.1. Equal amount of proteins extracted from the cells with or without centrifugation
immediately after centrifugation were subjected to Western blot assay using antibodies against
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CD81, claudin-1 and actin. The numbers in the right panel are the signal intensities of protein
bands of the Western blot expressed as densitometry scanning units (DSUs). One representative
of these experiments with similar results is shown.
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