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H

epatitis C virus (HCV) infection is a rapidly increasing
public health problem, with an estimated 200 million chronically infected patients worldwide (1). No vaccines are currently
available for HCV, and only a subset of HCV patients responds
to IFN-␣ and Ribavirin treatment (1). Despite substantial research, the mechanisms of viral infection, persistence, and
clearance are not well understood, primarily because of the
absence of readily manipulatable animal models and cell culture
systems. Although HCV replicons (2, 3) are currently being used
as cell-based models to study HCV replication, they do not serve
as models for HCV infection. Because chimpanzees can be
infected by HCV, these studies provide a unique opportunity to
track the virological, immunological, pathological, and genomic
changes in vivo prospectively during infection.
Previous genomics studies have advanced our understanding
of hepatitis C infections by characterizing the transcriptional
changes associated with a clearance episode in an infected
chimpanzee (4) and by characterizing the differences in gene
expression between HCV and hepatitis B virus in chronically
infected patients (5). In this study, we have examined the host
response to HCV in three infected chimpanzees with different
outcomes of infection, using gene expression analysis at multiple
time points during the course of infection. Our goal was to
identify and correlate the hepatic gene expression profiles in
each of these animals to gain insight into the cellular and
molecular mechanisms that determine the outcome of HCV
infection.
Materials and Methods
HCV Infections. Chimpanzee 1590 (Ch1590) was transfected intrahepatically with RNA transcribed from a plasmid DNA
consisting of a full-length copy of the H77 clone (genotype 1a)
lacking the hypervariable region 1 of HCV (6). Ch96A008 was
inoculated intravenously with 90 ml of plasma from Ch1590
taken 4 wk after inoculation, containing a total of 900 genome
www.pnas.org兾cgi兾doi兾10.1073兾pnas.202608199

equivalents of HCV (6). Ch1581 was inoculated intravenously
with a serum pool containing one chimpanzee infectious dose of
HCV (genotype 1a) from a chimpanzee that had been inoculated
intravenously with serum from a patient with acute fulminant
HCV infection (7). At baseline and each week after inoculation,
needle liver biopsies and blood samples were obtained. HCV
RNA was detected in chimpanzee serum as described (8) by
using the RT-PCR with primers targeting the 5⬘-untranslated
region of the HCV genome (HCV-Monitor Amplification KIT,
Roche Diagnostics, Version 2.0). The details of these infections
are described in a separate publication (8). Chimpanzees were
handled according to humane use and care guidelines specified
by the Animal Research Committees at the National Institutes
of Health and the Scripps Research Institute.
Gene Expression Analysis. For selected time points in each chimpanzee (Fig. 1, asterisks), liver-derived cRNA was prepared
according to standard protocols and hybridized to high-density
oligonucleotide arrays (Affymetrix U95A Human GeneChips),
which interrogate the expression of ⬇9,000 unique human genes.
Each sample was hybridized in duplicate. Primary image analysis
was performed by using GENECHIP version 3.1 (Affymetrix, Santa
Clara, CA) and each chip was scaled to an average difference
value of 200. Genes whose average difference value did not
exceed 150 in any sample, and genes that were not called
‘‘present’’ by both replicates in at least one time point were
excluded from further analysis. Average difference values less
than 1 were clipped, and all values were logarithm-transformed.
Genes were identified whose expression was correlated (positively or negatively, by using Pearson’s correlation coefficient)
with the pattern of log-transformed HCV viremia. To address
duplicate measurements at each time point, correlations were
averaged over all combinations of replicates (if ⬍300 total
combinations) or sampled from the set of all possible combinations (300 iterations). For genes that correlated with HCV RNA
levels over all time points across all chimpanzees, a background
distribution of correlation coefficients was calculated by randomization of sample labels, from which significance values were
empirically calculated; P ⬍ 0.05 was set as the threshold for
significance. For shorter patterns, calculation of meaningful
P-values by randomization was not possible, so correlation
thresholds were set at 0.7 and ⫺0.7 for positive correlation and
negative correlation, respectively.
HCV Replicon Studies. In vitro transcribed RNA was prepared from

ScaI linearized pHCVrep1bBB7 (S1179I) plasmid (3) and electro-
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We have examined the progression of hepatitis C virus (HCV)
infections by gene expression analysis of liver biopsies in acutely
infected chimpanzees that developed persistent infection, transient viral clearance, or sustained clearance. Both common responses and outcome-specific changes in expression were observed. All chimpanzees showed gene expression patterns
consistent with an IFN-␣ response that correlated with the magnitude and duration of infection. Transient and sustained viral
clearance were uniquely associated with induction of IFN-␥induced genes and other genes involved in antigen processing and
presentation and the adaptive immune response. During the early
stages of infection, host genes involved in lipid metabolism were
also differentially regulated. We also show that drugs that affect
these biosynthetic pathways can regulate HCV replication in HCV
replicon systems. Our results reveal genome-wide transcriptional
changes that reflect the establishment, spread, and control of
infection, and they reveal potentially unique antiviral programs
associated with clearance of HCV infection.

were collected on a FACScan flow cytometer and analyzed by using
the MODFIT LT software (Verity Software House, Topsham, ME).
A selectable replicon expressing firefly luciferase was generated from the pFK-I389兾Neo兾NS3–5B兾NK5.1 plasmid (10),
which was modified by restriction enzyme digestion兾ligation at
a unique site near the start site for translation of the neomycin
gene. The corresponding sites were introduced, along with
a unique sequence separating the luciferase and neomycin genes,
to the luciferase gene at the 5⬘ and 3⬘ ends by PCR. The
modification was confirmed by sequencing. The modified construct was then linearized with ScaI and in vitro transcribed (3,
10). Replicon RNA was transfected into Huh-7 cells by using a
liposome-mediated transfection procedure (Lipofectin,
GIBCO兾BRL). Typically, 30 l of Lipofectin was diluted into
400 l of Optimem (GIBCO兾BRL), incubated for 1 h, followed
by addition of 5 g of RNA that was incubated for an additional
15 min. Then 8.5 l of the RNA–Lipofectin mixture was added
to each well of a 96-well culture plate and incubated for 12 h,
after which the transfection mixture was removed from the cells,
and the cells were washed twice with PBS and grown in DMEM.
Expression of HCV proteins was confirmed by Western blot
analysis by using an NS3 antibody (gift from Chiron). After 4–8
h of recovery, the cells were treated with cerulenin, 25hydroxycholesterol, or nystatin, with final concentrations of drug
ranging from 0 to 50 M. Luciferase assays were performed as
described (10). Experiments were performed in triplicate. Typical measurements of luciferase activity were 3,000–5,000 light
units兾well for untreated cells.

Fig. 1. The time course of infection for the three chimpanzees is shown. The
x axis indicates the week postinfection at which a liver biopsy was taken. The
y axis shows log HCV genome equivalents per milliliter of serum (GE兾ml).
Values below the limit of detection are shown as not detected (ND). Levels of
oligoadenylate synthase, IFN-␥, and CD3 mRNA were also determined by
RNase protection assays (8), and their presence in the liver is shown by the gray
bars. In this study, gene expression profiling was performed on the biopsy
samples at time points indicated by asterisks.

porated into Huh-7 cells as described previously (9). Forty-eight
hours after transfection, 500 g兾ml G418 was added to the culture
medium. G418-resistant colonies were visible after 3 wk, and
individual clones were isolated, expanded, and characterized. The
presence of HCV RNA replication in Huh-7 S1179I clones was
confirmed by Northern blot analysis for HCV RNA minus strands
and 5-bromouridine 5⬘-triphosphate labeling. Huh-7 cells containing the HCV subgenomic replicon S1179I were grown in DMEM
plus 500 g兾ml G418. After 3 days of cultivation, the G418 was
removed, and the monolayers were treated with cerulenin (0, 4.5,
22.4, 44.8 M), 25-hydroxycholesterol (0, 2.5, 6.25 M), or nystatin
(0, 16.2, 32.4 M). Total RNA was extracted at several time points
with Trizol reagent, and RNA samples (10 g per lane) were
separated by denaturing agarose gel electrophoresis. HCV plus
strand RNA was detected by Northern blot analysis as described
previously (3). In vitro transcribed replicons (109, 108, 107 copies)
were serially diluted in total RNA from Huh-7 cells and analyzed
in parallel. The effects of cerulenin, 25-hydroxycholesterol, and
nystatin on Huh-7 cell cycling was analyzed by flow cytometry
following standard procedures. Briefly, Huh-7 cells stably replicating the HCV subgenomic replicon S1179I were treated with
cerulenin, 25-hydroxycholesterol, and nystatin at the indicated
concentrations for 18 h. The cells were collected by trypsinization,
fixed with ethanol, and stained with propidium iodide. The data
15670 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.202608199

Results and Discussion
Previously, three chimpanzees were infected with HCV, each of
which exhibited a different outcome of infection (Fig. 1) (8).
Ch96A008 successfully cleared the virus (SC) in the context of
a vigorous intrahepatic immune response and IFN␥ induction
(8). Ch1581 became persistently infected but initially transiently
cleared (TC) the virus also in the context of an intrahepatic
immune response and IFN-␥ induction, and subsequently controlled HCV at titers several orders of magnitude below initial
peak levels (8). Ch1590 developed an unrestrained persistent
HCV infection (PS) in the absence of both an intrahepatic
antiviral immune response and IFN-␥ induction (8). In this study,
gene expression profiling was performed on selected samples
from the three chimps during the time course of infection
(Fig. 1).
To determine the set of genes whose expression most likely
reflects the initial host response to HCV in the liver, we
identified genes with expression patterns that strongly correlated
with the amount of HCV RNA in the serum of all of the chimps
over the entire time course profiled. We calculated the Pearson’s
correlation between the expression of each gene and the amount
of HCV RNA at each time point in all chimpanzees. The P-values
for correlation coefficients were estimated by randomizing the
time-point labels.
We found 27 unique transcripts with highly significant correlation coefficients (P ⬍ 0.05) (Fig. 2A). These genes were
induced with an average peak fold-change (FC) value of 8.8 (the
primary data for all of the genes shown in Fig. 2 are published
as Tables 1–6 in the supporting information on the PNAS web
site, www.pnas.org). Consistent with the findings of Bigger et al.
(4), expression of many of these genes is known to be stimulated
by IFN-␣. IFN-␣-stimulated gene expression is an important
component of the innate immune response to many viruses (11),
including HCV (4, 8), and is mediated by binding of signal
transducer and activator of transcription (STAT) heterodimers
to IFN-stimulated response element (ISRE) sites (12). We
therefore searched the upstream promoter regions of 20 of these
genes, where promoter sequences could be retrieved from the
human genome assembly for ISRE motifs (12). Nineteen genes,
Su et al.

including STAT1, 2⬘-5⬘ oligoadenylate synthase, and Mx1, contained at least one probable ISRE motif in their promoter region
(Tables 7 and 8, which are published as supporting information
on the PNAS web site); all are well known to exert antiviral
activity through inhibition of translation, activation and repression of transcriptional activity, and mRNA degradation (13). A
complete list of gene names and raw data is available in Table
2. In some viral infections, for example encephalomyocarditis
virus and vesicular stomatitis virus, the IFN-␣-mediated response contributes to viral clearance (14). However, viruses such
Su et al.

as poxviruses and papilloma viruses are able to evade the
antiviral effects of IFN-␣ by blocking the induction and兾or
function of its targets (11, 15). Here, we show that HCV-infected
cells successfully induce the transcription of many antiviral
IFN-␣-stimulated genes, but that this response has little or no
effect on viral titer or outcome, possibly acting via HCV-induced
mechanisms downstream of IFN- ␣ -stimulated transcription (16).
To identify genes whose expression patterns were predictive of
the outcome of infection, we searched for genes that were
PNAS 兩 November 26, 2002 兩 vol. 99 兩 no. 24 兩 15671
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Fig. 2. Genes coordinately regulated during HCV infections in SC, TC, and PS. Green lines represent log (HCV RNA) patterns with values below the threshold
for detection represented by zero. Data traces are shown for different clusters of genes: (A) genes correlating with HCV RNA in all chimpanzees; (B) genes that
are negatively correlated with HCV RNA levels during clearance episodes and correlated with IFN-␥ levels and T cell influx to the liver (Fig. 1); (C) MHC class I and
proteasome nonpredictor genes; (D) antigen presentation-related genes that show outcome-specific expression; (E) early predictors correlated with increasing
HCV RNA levels with representative hepatocellular early predictor genes associated with lipid metabolism highlighted in blue; and (F) early predictors negatively
correlated with increasing HCV RNA levels. For the early predictor genes in E and F, the portion of the gene expression pattern depicted in red is the region that
positively or negatively correlates with the initial rise of HCV RNA. If multiple probes interrogate the same gene, the probe count appears in parentheses. For
optimal visualization, gene expression levels were normalized to the 10th and 90th percentiles for each gene. Values on the x axis represent days after inoculation
with HCV. The primary data for all clusters can be found in Table 1, which is published as supporting information on the PNAS web site.

induced during declining viremia in SC兾TC and not in PS and
were correlated with the pattern of IFN-␥ and HCV-specific T
cell infiltrates (Fig. 1) (8). We identified 27 unique genes and six
EST clusters (Fig. 2B) that are highly induced in SC兾TC (average
peak FC ⫽ 12.7) and not in PS (average peak FC ⫽ 2.0), many
of which are known to be induced by IFN-␥ and to be expressed
as a result of the homing and activation of immune cells to the
liver (17). Although induction of IFN-␥ itself is not detected in
this microarray analysis because of its low expression levels, the
IFN-␥-induced transcriptional effects are readily apparent.
IFN-␥ activates transcription by causing STAT1 homodimers to
bind to ␥ activation sites (GAS) (17); probable GAS motifs were
present in 17 of the 17 genes for which promoter sequences were
available (Tables 9 and 10, which are published as supporting
information on the PNAS web site). This cluster of genes is likely
to be directly related to outcome of infection, because they are
known to play a role in the activation of the immune system,
recruitment of T cells, and antigen processing and presentation.
Among the genes are CD8, several MHC Class II components,
and the chemokines RANTES and MIG (Fig. 2B), as well as IP9
and IP10, which show slightly different kinetics (data not shown).
The mRNA levels of granzyme A also increased with declining
HCV RNA levels during clearance in an outcome-specific
fashion. Granzyme A is serine protease that is delivered to the
cytosol of infected cells by natural killer cells and cytotoxic T
lymphocytes, where it induces antiviral and apoptotic pathways
(18). That these genes are not induced in PS is consistent with
the absence of a T cell response in that animal (8).
To be recognized by virus-specific T cells, infected hepatocytes must process, transport, and present HCV peptides in the
context of MHC class I molecules. The process of antigen
presentation involves proteasome subunits that cleave HCV
proteins into antigenic peptides, transporter proteins that allow
peptide entry into the endoplasmic reticulum, and MHC Class
I molecules that bind the antigen for presentation (19). Given the
importance of these genes in facilitating an adaptive immune
response, we examined the expression of these genes in our
profiling and found that most appear to be coordinately regulated. Some of these genes are induced in all chimpanzees
regardless of outcome, including MHC class I subunits and
proteasome activator subunits (PA28 ␣兾␤) (Fig. 2C), presumably
reflecting their regulation by IFN-␣兾␤. However, several other
genes in this pathway are selectively induced in SC兾TC, including
the transporter associated with antigen processing (TAP) and
the three unique subunits of the immunoproteasome (LMP2,
LMP7, and MECL1), which are specifically involved in generating peptides for antigen presentation (Fig. 2D) (19). Although
the kinetics of induction differ between the SC and TC chimpanzees, the level of induction in both of these animals (average
FC ⫽ 4.6) far exceeds the flat pattern of expression in PS,
presumably reflecting the differential induction of IFN-␥ in
these animals (8).
The differential regulation of immunological genes involved in
antigen processing and T cell recruitment between SC兾TC and
PS suggests that transcriptional activation of the adaptive immune system is required for a successful outcome to HCV
infection. These observations are consistent with previous studies, which show that the outcome of HCV infection is related to
the magnitude and diversity of the cellular immune response and
the ability of virus-specific T cells to enter the liver (8, 20). The
induction of antigen processing and presentation genes within
the liver ultimately controls how much HCV antigen is presented
to the cells of the immune system and, together with the
induction of T cell recruitment genes (e.g., MIG, RANTES,
IP10), likely controls the strength and multiplicity of the intrahepatic T cell response. Clearly, IFN-␥ secretion by intrahepatic
lymphocytes contributes to and strengthens both the innate and
adaptive immune responses to HCV and increases expression
15672 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.202608199

levels of genes critical to antigen processing by infected hepatocytes. Our results suggest that HCV avoids recognition by the
immune response in PS either by keeping HCV replication below
a threshold level required for gene induction or perhaps by
disrupting the induction of genes that control antigen processing
and T cell recruitment (11).
In contrast to studies of patients infected with HCV (5), we are
able to examine gene expression changes at very early time points
after infection. Although the genes described above are indicative of the immune response to HCV infection, the early gene
expression changes in the initial weeks after infection may reflect
virus-induced host cell responses that regulate HCV replication.
Furthermore, genes that are differentially induced or repressed
in SC兾TC versus PS early in viral infection may represent
prognostic markers of outcome. We found 45 genes and 7 EST
clusters whose expression was positively correlated with the
onset of viremia selectively in SC兾TC (average FC ⫽ 3.9) (Fig.
2E) and 10 genes that were negatively correlated with the initial
rise in HCV RNA levels selectively in the same animals (average
FC ⫽ ⫺3.9) (Fig. 2F). Many of the genes in both of these groups
are associated with lipid metabolism. For example, peroxisome
proliferator activated receptor ␣ (PPAR-␣) was down-regulated
preferentially in SC兾TC during the increase in viremia (Fig. 2F).
PPAR-␣ modulates target genes encoding lipid metabolism
enzymes, lipid transporters, or apolipoproteins, and is generally
involved in lipid and glucose homeostasis (21). Flotillin 2 also
shares this pattern of expression; this protein is an integral
component of lipid rafts, membrane structures that are involved
in vesicular trafficking and signal transduction. Transcription of
hepatic lipase C is also repressed early in SC兾TC; this enzyme is
involved in the hydrolysis of lipoprotein triglycerides and phospholipids and may mediate interactions of lipoproteins with cell
surface receptors.
We also identified many genes that are selectively upregulated in SC兾TC during the early onset of viremia, several of
which are again related to lipid metabolism (Fig. 2E). The gene
encoding UDP-glucose ceramide glucosyltransferase (UGCG) is
induced early selectively in SC兾TC. This gene is involved in
membrane glycosphingolipid biosynthesis. Expression of UGCG
can influence viral infectivity; for example, inhibitors of UGCG
have previously been shown to reduce infectivity of HIV-1 (22).
Other lipid metabolism genes related to the serum response
element-binding protein (SREBP) signaling pathway were induced during the initial rise in viremia preferentially in SC兾TC
(Fig. 2E). Lipase A is involved in hydrolysis of cholesterol esters
and triglycerides, which are known to be involved in cell membrane structure. ATP citrate lyase, showing similar induction, is
responsible for generating the cytosolic acetyl CoA required for
both cholesterol and fatty acid synthesis and is induced by
SREBP (23). Interestingly, the fatty acid synthase (FAS) gene is
expressed at higher levels in SC兾TC, although the pattern is not
well correlated with HCV RNA levels (data not shown). Several
other genes associated with the SREBP pathway display similar
expression patterns, including the SREBP-cleavage activated
protein (23).
The roles in the HCV life cycle of nonimmunological genes
that we have identified to be positively or negatively correlated
with HCV RNA in SC兾TC (Fig. 2 E and F) are not established.
It is possible that these genes play a role in HCV replication or
represent an early hepatic response that contributes to viral
clearance. The functional cluster of lipid metabolism genes in
our profiling studies is particularly interesting in the context of
several previous studies. In particular, HCV core protein has
been shown to negatively affect microsomal triglyceride transfer
protein activity and the assembly and secretion of very low
density lipoproteins (24), HCV RNA-containing capsids are
contained within triglyceride-rich lipoprotein particles in the
plasma of infected patients (25), HCV is known to cause the
Su et al.

Fig. 3. Effects of drugs that affect cholesterol兾lipid metabolism on HCV
replicons. (A) Regulation of plus strand HCV replicon RNA levels after treatment of an Huh-7 cell line stably transfected with RNA derived from the
pHCVrep1bBB7 (S1179I) plasmid. (B) Results of luciferase assays 18 h after
treatment of transiently transfected Huh-7 cell with in vitro transcribed RNA
from a modified version of the pFK-I389兾Neo兾NS3–5B兾NK5.1 plasmid with
cerulenin, 25-hydroxycholesterol, or nystatin at the indicated concentrations.
Measurements were done in triplicate and error bars are shown with asterisks
indicating statisitical significance (*, P ⬍ 0.05; **, P ⬍ 0.01). (C) Direct comparison of the effects of drugs on the different replicons. The data for the HCV
subgenomic replicon S1179I are in red and those for the replicon based on
pFK-I389兾Neo兾NS3–5B兾NK5.1 are in blue.
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PNAS 兩 November 26, 2002 兩 vol. 99 兩 no. 24 兩 15673

MICROBIOLOGY

formation of hepatocellular lipid droplets (steatosis) onto which
HCV structural proteins (26) and nonstructural proteins (27)
have been shown to localize, and the induction of fatty acid and
sterol biosynthesis via SREBP activation in liver and adipose
tissues can also cause steatosis (28). In addition, expression of the
entire HCV polyprotein in tissue culture cells induces morphological alterations of the cellular membranes leading to the
formation of a membranous web. Because both structural and
nonstructural proteins associate with the membranous web, it
has been proposed to be the scaffolding on which viral replication occurs (29).
Because of the prominent association of lipid metabolism
genes with the early onset of HCV viremia, we decided to
examine the extent to which alterations in lipid metabolism
might affect HCV replication. To test whether the SREBP
pathway affects HCV replication, we examined the effects of
several small molecules that are known to modulate this pathway
on the replication of two subgenomic HCV replicons with
different adaptive mutations (3, 10). Treatments were carried
out in Huh-7 cells stably transfected with replicon RNA that had
been transcribed from pHCVrep1bBB7 (S1179I) (3), and from
Huh-7 cells transiently transfected with another replicon transcribed from a plasmid constructed from pFK-I389兾Neo兾NS3–
5B兾NK5.1 (10) containing a firefly luciferase-neomycin fusion
protein controlled by the HCV IRES. Huh-7 cells harboring
these replicons were treated with cerulenin, a FAS inhibitor;
with 25-hydroxycholesterol, which inhibits cleavage and activation of the cytosolic portion of SREBP that in turn translocates
to the nucleus to initiate transcription of genes associated with
fatty acid and cholesterol biosynthesis (23); and with nystatin, a
cholesterol sequestering compound that induces the SREBP
pathway (as confirmed by Northern blot of SREBP-responsive
genes HMG-CoA reductase and acetyl-CoA carboxylase after
nystatin treatment; data not shown). The proteasome inhibitor
MG132 was used as a positive control as it is known to inhibit
HCV IRES-dependent translation (30).
As shown in Fig. 3, cerulenin and 25-hydroxycholesterol, both
of which block fatty acid biosynthesis, inhibited HCV replication
in a dose-dependent manner at nontoxic concentrations [deduced indirectly from GAPDH levels and directly by MTS assays
for cytotoxicity (Promega); data not shown] in both replicon
systems as determined by Northern blot (Fig. 3A) and luciferase
assays (Fig. 3B). Replication was inhibited by nearly 90% by
25-hydroxycholesterol after treatment at 6.25 M for 28 h. In
contrast, nystatin, which may activate the SREBP pathway
through cholesterol sequestration, caused a dose-dependent
increase in replication levels by nearly 100% compared with
untreated cells (Fig. 3). Because the replicon systems contain
IRES elements from both HCV and encephalomyocarditis virus
(EMCV), we screened the regulatory activity of the same
compounds in cells transfected with bicistronic plasmids that
express reporter genes under the control of either HCV or
EMCV IRES elements separately (30). These results confirmed
that the effects of the drugs on the replicons are not specifically

due to the presence of EMCV IRES (data not shown). In
addition, to confirm that these effects do not simply reflect
changes in cell replication that are known to influence the
replication rate of the HCV replicon (31), cell counts and cell
cycle analysis were performed on Huh-7 cells before and after
treatment with cerulenin, 25-hydroxycholesterol, and nystatin.
At all concentrations tested, none of the compounds altered the
distribution of cells in the cell cycle compared with control cells
(data not shown). Activation of SREBP increases both fatty acid
and cholesterol biosynthesis (23). Both cerulenin, which directly
inhibits FAS, and 25-hydroxycholesterol, which inhibits SREBP
cleavage兾translocation, cause a decrease in fatty acid biosynthesis. On the other hand, nystatin may cause an increase in fatty
acid biosynthesis through cholesterol depletion, which may induce the cleavage兾translocation of SREBP as a homeostatic
response. These results demonstrate that up-regulation of genes
specifically associated with fatty acid biosynthesis have a positive
effect on the HCV replicons, suggesting that they may have a
similar effect on HCV replication. The direct regulation of these
genes, particularly those related to fatty acid biosynthesis, by
HCV may also have implications to the development of steatosis
in chronically infected patients (24–26, 28).

plicity of the intrahepatic T cell response. Although these results
are derived from a limited number of animals, the data suggest
that higher viral titers may result in the induction of immunological genes that lead to a successful adaptive immune response.
In contrast, virus-induced genes that reflect the induction of
IFN-␣ do not appear to inhibit viral replication. Several genes
that were differentially regulated early in the infection in animals
that permanently or transiently cleared the virus may represent
host genes that are essential for either the HCV life cycle or viral
clearance. Many of these early predictors are known to be
involved in lipid metabolism. We have shown that small molecules that perturb lipid metabolism, fatty acid biosynthesis, and
SREBP signaling can specifically modulate HCV replication in
replicon systems. These results illustrate a hitherto unappreciated critical role of cellular lipid metabolism in the HCV life
cycle and demonstrate that genome-wide transcriptional analysis
can yield insight into the host–virus interaction during HCV
infection. The ability of small molecules that block FAS and
SREBP activity to inhibit HCV replication represents new
insight into the HCV life cycle that might be exploited for the
development of novel antiviral drugs.

Conclusion
Genome-wide transcriptional analyses of HCV infections in
chimpanzees suggest that the induction of both immunological
and hepatocellular genes can influence the course and outcome
of the infection. Of the genes that are differentially regulated in
SC兾TC, specific genes that are related to the induction of IFN-␥,
antigen processing and presentation, and T cell recruitment
correlate with viral clearance and with the strength and multi-
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