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Hepatitis C virus (HCV) infection is a major cause of liver disease and a global 

health problem with inadequate treatment options. An improved understanding of how 

HCV exploits and subverts host factors to establish infection should yield potential 

targets for therapy. This study uses a recently developed cell culture model of HCV 

infection to examine HCV entry and engagement of innate immune defenses. HCV 

associates with host apolipoproteins and enters hepatocytes through complex processes 

involving some combination of CD81, claudin-I, occludin, and scavenger receptor BI. 
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Here I show that HCV forms a complex with very low density lipoprotein (VLDL) within 

infected hepatocytes and uses this association to support infection through the low 

density lipoprotein receptor (LDL-R). Blocking experiments demonstrate that β-VLDL 

and apolipoprotein E (apoE) can compete with HCV for entry. Knockdown of the LDL-R 

by treatment with 25-hydroxycholesterol or siRNA ablated ligand uptake and reduced 

HCV infection of cells, whereas infection was rescued upon cell ectopic LDL-R 

expression. Analyses of gradient-fractionated HCV demonstrate that apoE is associated 

with HCV virions exhibiting peak infectivity and dependence upon the LDL-R for cell 

entry. These results define the LDL-R as a cooperative HCV co-receptor that supports 

viral entry and infectivity through interaction with apoE ligand present in an infectious 

HCV/lipoprotein complex comprising the virion. Furthermore, upon entry HCV induces 

an initial transient activation of interferon regulatory factor-3 (IRF3) which is dependent 

on retinoic acid inducible gene I (RIG-I) and interferon-beta promoter stimulator-1 (IPS-

1). This activation produces an antiviral activity which inhibits HCV entry and 

replication. HCV NS3/4A protease activity blocks this activation within 48 hours. At 

later time points post infection HCV activates NFκB in a RIG-I independent manner 

leading to inflammatory cytokine production. These studies identify 3 potential targets 

for future HCV therapy:  1) alteration of HCV-lipoprotein interaction to disrupt entry, 2) 

blockade of NS3/4A protease activity to restore innate antiviral response, and 3) 

modulation of HCV induced NFκB signaling to downregulate chronic inflammation. 
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CHAPTER 1: INTRODUCTION 

 

History 

 

 The exact time and place when hepatitis C virus (HCV) entered the human 

population is unknown. There are no known natural reservoirs of the virus other than 

humans so it is possible that HCV has been maintained in human populations for quite 

some time at low levels. The most closely related virus, GB virus B has been found in 

tamarins, so a remote monkey to human transmission may be the original source (123). 

The virus is relatively difficult to transmit person-to-person and as such it is likely that 

the modern pandemic has its origins in new patterns of human behavior made possible by 

medical technologies such as blood transfusions and hypodermic syringes. The first 

successful blood transfusion was performed by George Crile in 1906 (104). However, 

blood transfusions did not become common until the 1940s (8). Shortly thereafter, cases 

of post-transfusion hepatitis were recognized as a clinical entity. As antibodies for 

hepatitis A and B became available, these viruses were found to explain only a minority 

of post transfusion hepatitis cases. The remaining cases were then termed non-A, non-B 

(NANB) hepatitis (29). In 1989 scientists at the Chiron corporation cloned a gene 

sequence that, when expressed, reacted with sera from chimpanzees infected with NANB 

hepatitis (23). This new virus was termed hepatitis C virus and was found to explain the 

majority (90%) of NANB hepatitis cases.  
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Genome organization 

 

HCV is an enveloped virus containing a 9600 nt single strand positive-sense RNA 

genome encoding a polyprotein that is processed by host and viral proteases into a set of 

structural and nonstructural proteins. The structural proteins include the core 

nucleocapsid protein and the envelope glycoproteins E1 and E2. E1 and E2 are 

components of the virus lipid envelope and function to mediate binding to co-receptors 

on hepatocytes, the target cell of HCV infection (30;108;118). The core protein consists 

of 2 domains, D1 which is highly basic and interacts with RNA and D2 which contains a 

hydrophobic motif mediating association with lipid droplets (47). P7 is pore forming 

protein of unknown function in the HCV lifecycle. The nonstructural proteins NS2, 

NS3/4A, NS4B, NS5A, and NS5B form the virus replicase and also function in virus-host 

interactions that modulate host defenses and cellular permissiveness for infection 

(32;35;79). NS3 contains helicase and protease domains and, when complexed with 

NS4A, efficiently cleaves the HCV polyprotein to liberate the separate NS proteins. It 

also targets host proteins for cleavage to disrupt innante immune signalling pathways 

discussed in more detail in Chapter 5. NS4B induces the formation of membranous webs 

associated with HCV replication (27). NS5A is a phosphoprotein that interacts with other 

HCV proteins and interferes with the host RNA-sensing molecule protein kinase R 

(PKR). NS5B is the error-prone RNA-dependent RNA polymerase with a mutation 

frequency of about 10-3. As a result of this high mutation rate, HCV is present as a 

genetically heterogeneous population termed quasispecies within an infected individual. 

Sequence analysis divides HCV into 6 genotypes varying in geographic distribution 
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(122).  Genotype 1, 2 and 3 viruses are the most prevalent in North America, while 

genotype 4 is found in Egypt, genotype 5 in South Africa, and genotype 6 in Southeast 

Asia. Sequence identity varies by about 30-35% between genotypes.  

 

 

Figure 1-1. HCV genome organization. 

 

Epidemiology  

 

HCV is a hepatotropic virus, infecting greater than 170 million people worldwide.  

Within the United States, it is estimated that approximately 2% of adults are infected with 

HCV, while infection rates in countries worldwide range from less than 1% to as high as 

20% (71).  HCV is a blood-borne pathogen so, as mentioned above, patients receiving 

blood transfusion or other blood products as therapy were the first risk group identified. 

Implementing HCV screening protocols for donated blood has virtually eliminated this 

risk in the US. Differences in medical practices among healthcare systems such as blood 

supply screening and practices surrounding the use of injectable therapies likely explain 

the large variation in infection rates between different countries (Fig. 1-2).  
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Figure 1-2. Global prevalence of HCV infection. Image ©WHO, 2008. Used with 
permission. 

 

 

In the US and Western Europe most new infections now occur in IV drug users as 

a result of sharing needles or common preparation equipment (121). Other less common 

modes of transmission are occupational exposure (needle stick injury) in health care 

workers or sexual transmission, although the long term risk of transmission between 

discordant monogamous partners is less than 1% (131). There is also an approximate 5% 

risk of mother to child transmission. The incidence of new HCV infections in the US 

peaked in the 1980s and has since been on the decline (80).  However, persistent HCV 

infections from this period are contributing to an increasing incidence of HCV-related 



5 

 

liver failure. HCV infection is the primary indication for liver transplant in the US and 

the leading cause of death among HIV HCV co-infected patients. 

 

Clinical course 

 

Acute HCV infection is often asymptomatic, and most HCV positive patients are 

unaware of their status until it comes to clinical attention years after infection. However 

studies of acute infection from a known exposure show that about 15% of patients are 

able to clear acute infection. The other 85% go on to develop chronic infection. Of these 

most will maintain a stable chronic hepatitis marked by mildly elevated liver enzymes 

(AST and ALT). However, 20% will develop liver fibrosis which progresses from mild 

fibrosis to moderate fibrosis, bridging the portal triad to the central vein, and finally to 

cirrhosis, the complete destruction of hepatic architecture (40) (Fig. 1-3). The mechanism 

of fibrosis is not entirely understood but involves activation of hepatic stellate cells which 

produce collagen in response to chronic inflammatory stimuli (88). Progression to 

cirrhosis results in a 5% annual risk for developing hepatocellular carcinoma, and may 

result in liver failure requiring transplant (71). Thus in addition to sustained virologic 

response, an important secondary target for therapy could be modulation of the 

pathologic chronic inflammation associated with fibrosis progression. 
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Figure 1-3. Stages of liver fibrosis. Staging of chronic hepatitis C virus (HCV) liver 
disease: absence of fibrosis (A), followed by low stage fibrosis (B), bridging fibrosis (C), 
and cirrhosis (D) (trichrome, 20x). Figure from Guzman, G. Overview of Liver Pathology 
(2008) Disease-a-Month 54, 419-431. ©Elsivier Limited, 2008. Used with permission. 
 

 

Therapy 

 

Beginning in the 1970s and 1980s, advances in recombinant DNA technology 

facilitated the development and mass production of proteins as drugs, a general area of 

therapy referred to as “biologics” to distinguish it from “small molecules”.  Recombinant 

interferon alpha was among these drugs and clinical trials were conducted using 

interferon for a range of infections and cancers. It was approved as a therapy for HCV in 
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1991 with studies showing an approximate 20% sustained virologic response (SVR), 

meaning no detectable HCV RNA 6 months after stopping therapy (46). Combination 

therapy with interferon alpha and the small molecule nucleoside analog ribavirin 

increased SVR to 40%. A further improvement was achieved by modifying interferon 

with polyethelene glycol (PEG-interferon) to increase its half life and bioavailability. 

Pegylated interferon resulted in 55% SVR against genotype 1 strains and 80% efficacy 

against genotypes 2 and 3.  

Interferon and ribavirin are relatively non-specific antiviral therapies with varying 

efficacies against a range of viruses. Interferon works by binding to and signaling through 

the type 1 interferon receptor leading to the expression of interferon stimulated genes 

(ISGs) with antiviral activity. Various mechanisms for the efficacy of ribavirin have been 

proposed including inhibition of RNA replication, error catastrophe, and stimulation of 

innate immunity(70). Treatment with this regimen results in not only suboptimal SVR 

rates, but is also expensive ($30,000-$40,000) and associated with a range of side effects 

commonly including fatigue and depression. Therefore there is a need for improved and 

HCV-specific therapy such as protease and polymerase inhibitors targeting the virus 

enzymes. The high error rate of the NS5B polymerase leads to escape mutations for 

HCV-specific monotherapy so a combination therapy approach analogous to the highly 

active antiretroviral therapy (HAART) employed for the treatment of HIV will likely be 

required to improve therapy. Indeed two recent studies using the NS3/4A protease 

inhibitor telapravir in combination with interferon and ribavirin resulted in a 67-69% 

SVR against genotype 1 infection, demonstrating the potential of this approach (43;87).  
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Model systems 

 

Animal models 

 Prior to the identification of HCV it was demonstrated that injecting sera from 

NANB hepatitis infected patients into chimpanzees led to the development of hepatitis in 

these animals (7;45). After HCV was identified it was confirmed as the infectious agent 

by showing that HCV RNA alone injected into the liver of chimpanzees was infectious 

(67). Thus chimpanzees are able to serve as an animal model system for studying HCV 

pathogenesis. Another animal model system has been developed in which human 

hepatocytes are transplanted into severe combined immunodeficiency (SCID) mice where 

they repopulate the endogenous liver which has been destroyed by expression of 

plasminogen activator from a liver specific (albumin) promoter (89). However, given the 

expense associated with these systems, attempts have been made to develop tissue culture 

based assays of the HCV lifecycle.  

 

Replicon 

 An important advancement was made with the HCV replicon system in which a 

hybrid HCV RNA expressing a neomycin resistance selectable marker under the control 

of the HCV internal ribosome entry site (IRES) is combined with the HCV nonstructural 

proteins under the control of an encephalomyocarditis virus (EMCV) IRES (78). When 

this RNA is transfected into cells and then selected with the antibiotic G418, colonies 

containing the stably replicating RNA can be found. The replicon system can be extended 

to include full genome length replicons as well as reporter tagged replicons expressing 
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green fluorescence protein (GFP) or luciferase to read out HCV replication (69;98). 

These systems have been useful in developing high throughput screening assays for drug 

compounds that affect HCV replication. While the replicon model has been very useful in 

understanding the factors involved in HCV RNA replication, it does not support the 

production of infectious particles thus limiting its use in understanding HCV 

binding/entry. 

 

Pseudoparticles 

In order to address this limitation another model system, the HCV pseudotyped 

particle system, was developed to study virus entry. In this system HCV envelope 

proteins are expressed on the surface of a retrovirus particle (12;26;51). This system is 

useful for studying interactions between the HCV envelope proteins and putative cellular 

receptors and has validated receptors identified from soluble binding assays. However, it 

does not recapitulate important features of authentic HCV virions, namely the association 

with host lipoproteins which will be discussed in more detail below. 

 

Cell culture infection 

Early attempts to infect cell lines with clinical isolates of HCV were largely 

unsuccessful and did not result in robust replication. Some groups were able to detect cell 

associated HCV RNA, but limitations of these assays such as the difficulty in 

distinguishing between binding and entry, as well as the potential for false positive results 

in PCR assays to detect negative strand synthesis, limited their use (82). Finally in 2005 

Wakita and colleagues reported the development of a genotype 2a virus termed JFH1. In 
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vitro transcribed RNA from this genome is able to robustly infect human hepatoma cell 

culture leading to the production of infectious particles (77;134). This system has allowed 

me to study HCV entry with an authentic HCV virion as well the early events in HCV 

engagement of the innate immune response. This model system is more fully described in 

Chapter 3.  

 

Entry receptors 

 

Initial attempts to understand HCV entry used binding assays with a soluble form 

of the HCV glycoprotein E2 in which the transmembrane region was deleted. Rosa et al. 

showed that recombinant soluble E2 produced in mammalian, but not yeast or insect 

cells, bound a human cell line but not mouse cell lines, and that antibodies which 

disrupted binding also protected chimpanzees from infection (113). This established a 

role for E2 in the infection process and also suggested that protein modifications such as 

correct glycosylation in mammalian cells may be important for proper interaction with 

the target cell. To identify receptors mediating this E2 dependent infection, Pileri et al. 

screened a cDNA library to indentify factors that would facilitate E2 binding to mouse 

cells. This search identified the 25kDa membrane tetraspanin protein CD81 as a factor 

that could bind E2 (108). Similar iterative approaches were carried out to identify a 

number of molecules involved in HCV entry. 
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CD81 

 As mentioned above CD81 was the first HCV specific entry factor identified. 

CD81 is widely expressed in  many cell types with the exception of red blood cells and 

platelets and is involved in a range of functions including integrin signaling and B-cell 

and T-cell activation (reviewed in (74)). The interaction between CD81 and E2 was 

mapped to the large extracellular loop of CD81 (30;107). Interestingly this region is 

identical in humans and chimps which are susceptible to HCV but differs by 4 amino 

acids in African green monkeys which do not bind E2 or become infected with HCV. 

One of these amino acids F186 was found to be critical for E2 binding (44). On E2 the 

conserved region at AA613-618 was important for binding, but differences in two 

hypervariable regions(HVR) HVR1 at 384-410 and HVR2 at 476-481 led to strain 

specific differences in E2 binding ability (112). The importance of this E2-CD81 

interaction for entry was confirmed using the pseudoparticle system in which soluble 

CD81 or anti CD81 antibodies blocked entry by 30-100% (12;24;90;90;144). Expressing 

CD81 on HepG2 cells which do not otherwise express this receptor renders them 

permissive for pseudoparticle infection (24;144) Anti CD81 antibodies, soluble CD81, or 

siRNA knockdown of CD81 can also block infection with HCV JFH1 (77;134;145). 

While CD81 sequence variation helps explain the species tropism of HCV it does not 

explain the tissue tropism of the virus. Additionally CD81 does not efficiently internalize 

ligands and its activity in HCV infection can be blocked with antibodies at a post binding 

step, so it is likely that other molecules are also involved in HCV infection (28;107). 
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SR-BI 

Scarselli and colleagues identified an additional E2 binding protein by incubating 

HepG2 cells which do not express CD81 with E2 and then crosslinking and 

immunoprecipitating cell surface proteins that bound E2. This search resulted in the 

identification of scavenger receptor class B type I (SR-BI). They also showed that SR-BI 

expressed on CHO cells could mediate E2 binding and that binding was dependent on 

HVR1 of E2 (118). The natural function of SR-B1 is in binding high density lipoprotein 

(HDL) to mediate transfer of cholesterol from HDL particles to the membrane.  

Reports on the role of SR-BI in infection have been conflicting. One study found 

that anti-SR-BI antibodies blocked uptake of HCV pseudoparticles by 70% while another 

observed no effect (13;51). Both studies used genotype 1a pseudoparticles on Huh7 

derived cell lines, so the reasons for this discrepancy are unclear. In another study, 

knockdown of SR-BI by siRNA, or infection in the presence of anti-SR-B1 antibodies, 

was shown to reduce pseuodoparticle infection by about 50% (72). Voisset and 

colleagues found that HDL could enhance pseudoparticle entry through activity at a post 

binding step (133). This enhancement could be blocked by siRNA knockdown of SR-BI, 

although such treatment did not decrease pseudoparticle entry below baseline. Thus SR-

BI may support infection indirectly via altering membrane cholesterol concentration. 

Alternatively these differences may be due to mutations which alter the binding affinity 

of E2 for SR-BI between different strains (39).  

Using the JFH1 cell culture model, two studies showed that anti-SR-BI antibodies 

could block HCV infection. However it is still unclear if this blockade represents a 

specific disruption of E2-SR-BI binding or if the blockade is due to a disruption of an 
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SR-BI activity on membrane cholesterol concentration required for optimal HCV 

infection. The variable effect of antibodies, HDL-mediated enhancement, and the fact 

that depletion of membrane cholesterol with methyl-β-cyclodextrin inhibits HCV 

infection all argue for the latter possibility (62). 

 

Claudin-1 

 CD81 and SR-BI were not yet sufficient to explain HCV entry as cell lines were 

identified which expressed both factors but were yet not permissive for pseudoparticle 

entry. Evans and colleagues screened a cDNA library to find factors that would make 

initially nonpermissive CD81+ SR-BI+ 293T cells permissive for pseudoparticle infection. 

These efforts identified the tight junction protein claudin-1 (28). Expressing claudin-1 on 

293T cells also made them susceptible to infection with HCV JFH1, albeit at much lower 

levels than Huh7. By examining the effect on infection of antibody added at different 

times post binding, they found that claudin-1 acts at a later stage in the entry process than 

CD81. Interestingly murine claudin-1 was also able to support infection suggesting that 

claudin-1 is not a factor restricting species tropism.  

 

Occludin 

 Most recently another tight junction protein occludin was identified. In a similar 

approach as that described above, a mouse embryonic fibroblast line, NIH3T3, 

overexpressing human CD-81, SR-BI, and claudin-1 was transfected with a cDNA library 

prepared from Huh7.5 cells and screened for pseudoparticle entry. This screen indentified 

occludin, a transmembrane protein found as a component of tight junctions in polarized 
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epithelial cells, as a factor conferring infection (109). By expressing different 

combinations of human and murine CD81, SR-BI, claudin-1, and occludin, it was 

determined that human CD81 and human occludin are required for pseudoparticle 

infection and are thus important factors restricting species tropism of HCV infection.  

 

LDL-R 

 There is also evidence for the role of the low density lipoprotein receptor in HCV 

infection which will be discussed below after a short review of lipoprotein metabolism.  

 

HCV & Lipoprotein metabolism 

 

Lipids & The liver 

 The liver is a key organ in the regulation of lipid metabolism. Following a meal 

lipids are taken up into the intestines where they are packaged into large particles called 

chylomicrons. These chylomicrons are targeted to the liver via the interaction between 

ApoB48 and the low density lipoprotein receptor (LDL-R) on hepatocytes. The liver is a 

site of lipid repackaging as well as synthesis for subsequent distribution to the rest of the 

body through the production of very low density lipoprotein (VLDL) particles. VLDL 

synthesis begins on the endoplasmic reticulum (ER) membrane with an interaction 

between apolipoprotein B and microsomal triglyceride transfer protein (MTP) (53). MTP 

transfers lipid and cholesterol to a growing apoB-lipid complex. As this complex acquires 

more lipid it buds into the lumen of the ER where it then acquires additional lipid and 

apoE by fusion with intraluminal lipid droplets. VLDL is then processed through the 
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golgi apparatus and released into the bloodstream. Nascent VLDL delivers cholesterol 

and lipid to surrounding tissues through the action of lipoprotein lipase. Upon processing 

by lipoprotein lipase, VLDL loses lipid and apoC to become intermediate density 

lipoprotein (IDL). 50-70% of IDL is recycled back to the liver via an interaction between 

apoE and the LDL-R (130). The remaining IDL is further processed by hepatic lipase to 

become LDL which is taken up into hepatocytes and other tissues via the apoB-LDL-R 

interaction (Fig. 1-4). 
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Figure 1-4. Lipoprotein metabolism. 
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Lipids & HCV 

 Early evidence for a link between HCV infection and lipid metabolism came from 

the observation that hepatic steatosis, the accumulation of fat within the liver, is a 

common complication of HCV infection (38). It is particularly associated with genotype 

3 infections and has been linked to a mutation in the HCV core protein (50;92). In an 

attempt to understand the pathophysiology of this condition, transgenic mice expressing 

HCV proteins have been created and show that animals expressing a full length genome 

or just the HCV core protein develop hepatic steatosis (73;100). An explanation for this is 

provided by the observation that HCV core can block microsomal triglyceride transfer 

protein activity, a key enzyme required for the production and secretion of VLDL 

particles (106). In the absence of a functional secretory pathway lipid then accumulates in 

the liver. Immunofluorescence and electron microscopy studies show HCV core localized 

to the surface of lipid droplets (11). Thus HCV core protein present in lipid droplets 

seems to alter the ability of the liver to release VLDL.  

Other observations suggesting a link between HCV and lipoprotein metabolism 

come from studies of HCV in infected patient sera. HCV RNA is present across a broad 

range of densities from 1.03 to 1.20 g/mL suggesting heterogeneity in the structure of 

HCV virions (128). However by infecting chimpanzees with HCV from fractionated 

serum it was determined that lower density fractions were more infectious (17). Anti-

lipoprotein antibodies (apoB or apoE) could also precipitate HCV RNA from serum, 

suggesting that association of HCV virions with lipoprotein particles could explain the 

lower density particles (9;105;111;128).  
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LDL-R as an HCV receptor 

 Given that HCV was present in the serum of infected patients as a complex with 

lipoproteins, many groups speculated that LDL-R could play a role in the binding or 

internalization of HCV. At the time I began my studies, 3 papers had reported a role for 

LDL-R in the binding or internalization of patient derived HCV, although at the time it 

was impossible to determine if this represented non-specific uptake of HCV virions that 

happened to stick to lipoproteins in serum, or if this represented a coordinated event 

important for the lifecycle of productive HCV infection.  

Monazahian et al. conducted binding studies using RT-PCR to detect cell 

associated HCV RNA upon incubation of cell lines with patient-derived virus (96). HCV 

from 10/13 patients was able to bind to human fibroblasts, although it generally 

represented less that 1% of the input RNA. Binding could be disrupted by 200ug/mL 

LDL and no binding was observed to LDL-R deficient familial hypercholesterolemia 

(FH) fibroblasts. Expressing LDL-R in African green monkey cells increased HCV 

binding from 3/12 serum samples to 10/12 samples.  

Agnello et al. used an in situ hybridization assay to detect intracellular HCV RNA 

following incubation of HepG2 cells with patient-derived HCV (3). Although the 

sensitivity of this method is not very high, they were able to show qualitative differences 

in the staining patterns between infected and uninfected cells as well as show that the 

HCV staining pattern was dependent on LDL-R by demonstrating its absence when cells 

were infected in the presence of anti-LDL-R antibodies. Additionally, cells incubated 

with equal numbers of genome copies of HCV from VLDL and LDL fractions showed 
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positive staining while cells incubated with virus from HDL fractions did not, despite the 

fact that most of the HCV RNA was present in HDL fractions.  

The most comprehensive data for HCV entry via a lipoprotein-LDL-R interaction 

came from Andre et al. who identified low density 100nm HCV RNA-containing 

particles which they termed lipoviral particles (LVP) (9). Binding of these LVP to cells 

(cell associated HCV RNA by RT-PCR) was much more efficient on a per genome copy 

basis than HCV RNA-containing material from whole serum. LVP binding could be 

blocked by VLDL, LDL, and a combination of apoB and apoE antibodies. LVPs did not 

bind to FH fibroblasts which lack the LDL-R. These observations all point to efficient 

HCV binding/entry mediated by lipoprotein associated HCV through the LDL-R, 

however the mechanism of HCV association with lipoproteins and the significance of this 

binding/entry pathway for productive infection remained unclear. 

 

Innate immune defenses 

 

After a virus has entered a cell it may be encounter the intracellular pathogen 

sensing components of the innate immune defenses. Type I IFN and the actions of innate 

immune genes form the first line of defense employed by the host to combat virus 

infection and are responsible for deterring virus replication and spread. Triggering type I 

IFN induction during infection begins with host recognition of an invading pathogen 

through unique biological structures called pathogen-associated molecular patterns 

(PAMP). In mammals, the major pattern recognition receptor (PRR) pathways include 

the RIG-I like receptor (RLR) and Toll-like receptor (TLR) signaling pathways.  In the 
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case of RNA virus infections, viral nucleic acid structures and motifs, recognized by 

RLRs or TLRs, are the major stimulators of type I IFN induction (Fig.1-5). NOD-like 

receptors can serve as PRRs for bacterial products and generally lead to an inflammatory 

cytokine program as opposed to a type 1 interferon program, however evidence is 

accumulating that they may also play a role in innate immune response to viruses. 

 

 

Figure 1-5. Pathways of intracellular innate immune response.  
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RIG-I like receptors  

The RIG-I like receptors are cytoplasmic sensors of viral RNA, consisting of 

three members: retinoic acid inducible gene-I (RIG-I), melanoma differentiation antigen 

5 (MDA5), and laboratory of genetics and physiology-2 (LGP2) (60;115;124;142;143).  

The molecular structures of RIG-I and MDA5 are similar, consisting of two tandem 

caspase association and recruitment domains (CARD) in the N-terminus and an RNA 

helicase domain in the C-terminus (142).  In addition, RIG-I has a repressor domain that 

interacts with the CARD domains to maintain the receptor in a closed and non-active 

conformation in the absence of infection (116).  LGP-2 contains an RNA helicase domain 

but lacks the CARD domains and may function as a regulator of RLR signaling 

(101;116;132).  RIG-I and MDA-5 recognize unique structures and sequence motifs of 

viral RNA (64;65;117).  Single-stranded (ss) RNA containing a 5’ triphosphate, short 

double-stranded (ds) RNA, and uridine- or adenosine-rich viral RNA motifs have been 

identified as RIG-I ligands (48;117;125).  The minimum length RNA for RIG-I 

recognition is 21 nucleotides, while MDA-5 is believed to recognize long dsRNA (>5kb) 

(63;83).  When activated after binding to RNA ligand, RIG-I and MDA5 bind to the 

interferon-beta promoter stimulator-1 (IPS-1; also known as Cardif, MAVS, and VISA) 

(66;91;120;139), IPS-1 is a CARD protein and essential adaptor of RLR signaling, 

wherein it functions to bind RIG-I or MDA5 through CARD-CARD interaction that 

promotes the activity of a poorly defined macromolecular complex consisting of 

signaling components that result in the activation of the transcription factors interferon 

regulatory factor-3 (IRF3) and nuclear factor-κB, (NFκB). RLR signaling through IPS-1 
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leads to assembly of the IFN-β enhancesome complex within the nucleus, consisting of 

IRF3, NFκB, CBP/p300, and ATF-2/c-Jun, and triggering induction of IFN-β (57). 

 

Toll-like receptors 

The TLR family of innate immune signaling proteins consist of more than 10 

different members, of which three recognize unique nucleic acid structures and motifs 

(4).  TLR3, TLR7 and TLR8 are important for host defense against RNA viruses. 

Whereas TLR3 recognizes dsRNA ligands, TLR7 and TLR8 recognize uridine and 

guanosine-rich ssRNA ligands (5;25;42).  TLR3 is expressed either on the cell surface or 

within the endosomal compartment (56;85;86). Upon binding dsRNA TLR3 recruits the 

adaptor molecule TIR domain containing adaptor inducing IFN-α (TRIF) and activates 

the transcription factors IRF3 and NFκB to trigger IFN-α transcription (4).  TLR7 and 

TLR8 are expressed within the endosomal compartment (41). Upon binding ssRNA 

ligands, the adaptor molecule myeloid differentiation factor 88 (MyD88) is recruited to 

the TLR and the transcription factors IRF7 and NFκB are activated to trigger 

proinflammatory cytokines and type I IFN induction (4). 

 

NOD-like receptors 

The NLR family contains 23 members, of which a handful have begun to be 

characterized (33). The first NLRs identified, NOD1 and NOD2, detect bacterial 

peptidoglycan leading to NFkB and MAP kinase signaling. Three other family members 

NLRC4/IPAF, NLRP1, and NLRP3/Cryopyrin/NALP3 form distinct caspase-1 activating 

complexes termed inflammasomes. NLRC4 responds to bacterial flagellin and 
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oligomerizes to recruit caspase 1 via interactions between the caspase activation and 

recruitment (CARD) domains present on each molecule. Caspase 1 is autocatalytically 

cleaved to its active form and is able to process proIL-1B and proIL-18 into their mature 

secreted forms. This processing is the hallmark of inflammasome activity. NLRP1 

responds to muramyl dipeptide, but does not contain a CARD domain so it relies on the 

adaptor protein apoptotic speck-like protein containing a CARD (ASC). NLRP3 also acts 

through ASC and is reported to respond to numerous stimuli including bacterial DNA 

and RNA, pore forming toxins, silica, asbestos, uric acid, and ion flux. A role for NLRP3 

inflammosomes in response to virus infection is also emerging. Adenovirus DNA can 

stimulate inflammasome signaling in a NLRP3 dependent manner (102). Myxomavirus 

encodes a protein which interferes with ASC-mediated inflammasome signaling 

highlighting the importance of inflammasomes as a target for antiviral activity (59). 

Kanneganti et al. first demonstrated a role for NLRP3 during virus infection using in 

vitro infection of influenza or Sendai virus in macrophages (61). More recently, three 

groups have shown that NLRP3 inflammasome signaling plays a critical role in vivo in 

the immune response to influenza infection (6;55;55;127). 

 

Interferon signaling 

Induction of an antiviral state within a cell results from activation of JAK/STAT 

signaling leading to expression of interferon stimulated gene (ISG) products. Secreted 

type I IFN (IFN-α and IFN-β) bind in an autocrine or paracrine manner to cells through 

the IFN-alpha receptors (IFNAR)-1 and -2 to initiate the JAK/STAT signaling pathway.  

Once IFN is bound to its cognate receptors, receptor-associated Janus kinase 1 (Jak1) and 
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tyrosine kinase 2 (Tyk2) are activated and subsequently phosphorylate key tyrosine 

residues on the cytoplasmic subunit of the receptor and allow for the recruitment and 

phosphorylation of the signal transducer and activator of transcription 1 and 2 (STAT1 

and STAT2).  STAT1 and STAT2 heterodimerize and associate with interferon 

regulatory factor 9 (IRF9) to form the ISGF3 transcription factor complex.  This complex 

translocates to the nucleus and binds to specific regions of DNA known as interferon 

stimulated response elements (ISRE), and turns on transcription of ISGs.  Amplification 

of the type I IFN response occurs through a positive feedback loop involving IFN-

induced expression of IRF7 followed by IRF7 dependent transcription of various IFN-α 

species (49;76;119). 
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CHAPTER 2: MATERIALS & METHODS 

 

Cell culture 

 

Media & culture conditions 

 Unless otherwise noted cell lines were maintained in Dulbecco’s modified eagle 

medium (DMEM) (Cellgro) containing 10% fetal bovine serum (FBS) (Hyclone) 

supplemented with 1x non-essential amino acids (Cellgro), 1mM sodium pyruvate 

(Cellgro), 10mM HEPES buffer (Cellgro) and antibiotic/antimycotic solution (Cellgro, 

100 IU/mL penicillin, 100 ug/mL streptomycin, 0.25 ug/mL ampotericin B final 

concentration) (normal media) and grown in an incubator at 37°C and 5% CO2. A list of 

the cell lines used in this study and their selective media (if any) is listed in Table 2-1. 

Stocks of cell lines for long term storage were prepared by suspending cells in normal 

media containing 10% dimethyl sulfoxide (DMSO) and freezing in liquid nitrogen.  

 

Construction of SGR-JFH1 cell lines 

 JFH1 subgenomic replicon (SGR-JFH1) cell lines were constructed in Huh7 and 

Huh7.5 backgrounds by transfecting in vitro transcribed SGR-JFH1 replicon RNA 

prepared from linearized pSGR-JFH1 into Huh7 or Huh7.5 and selecting with 800 μg/mL 

G418. Single colonies were selected and expanded. The clones expressing the highest 

level of HCV protein by western blot were designated SGR-JFH1 (7) and SGR-JFH1 

(7.5). Following selection, cells were maintained in 400 μg/mL G418 (Cellgro). 
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Name Description Selection 

GL 
Produces JFH1 virions from stably integerated, 
ribozyme modified genome 

5ug/mL 
Blasticidin  

HepG2 human hepatoma line  

HepG2-CD81 HepG2-CD81 transgenic 
400ug/mL 
Hygromycin 

HP  
High passage genotype 1b HCV replicon in Huh7 with 
multiple adaptive mutations 

200μg/mL 
G418 

HP cured HP cured of replicon by IFN-a treatment  
Huh7 human hepatoma line  
Huh7.5 human hepatoma with T55I mutant RIG-I  
IHH immortalized human hepatocytes from Ranjit Ray  

K2040 
genotype 1b HCV replicon in Huh7 with single adaptive 
mutation 

200μg/mL 
G418 

K2040 cured K2040 cured of replicon by IFN-a treatment  
PH5CH8 primary hepatocyte line  

SGR-JFH1 (7) JFH1 subgenomic replicon in Huh7 
200μg/mL 
G418 

SGR-JFH1 
(7.5) JFH1 subgenomic replicon in Huh7.5 

200μg/mL 
G418 

TR3772 LDL-R overexpressing cell line from Jin Ye 
400μg/mL 
G418 

 

Table 2-1. Cell lines used in this study 

 

Construction of HepG2-CD81 cell line 

 HepG2-CD81 cells were constructed by transfecting HepG2 cells with Addgene 

plasmid 11588 (Addgene) which expresses the human CD81 cDNA under the control of 

a cytomegalovirus promoter. Cells were selected with 400 ug/mL hygromycin B 

(Invitrogen). Single colonies were picked, expanded, and screened by flow cytometry for 

CD81 cell surface expression. The clone with the highest CD81 expression was 

designated HepG2-CD81. 

 



27 
 

 

IFNs, cytokines, and bioactive chemicals 

 IFN-α-2a was purchased from PBL. IFN-ß-1a (Avonex®) is from Biogen Idec. 

The sterol response element binding protein (SREBP) antagonist 25-hydroxycholesterol 

(25-HC) was obtained from Jin Ye.  The microsomal triglyceride transferase protein 

(MTP) inhibitor BMS-2101038 (137) was synthesized by Chuo Chen at UT 

Southwestern Medical Center. The NS3/4A protease inhibitor ITMN-C was obtained 

from InterMune. 

 

DNA protocols 

  

Molecular cloning techniques 

 Polymerase chain reaction (PCR) was carried out using TaKaRa ExTaq (Takara 

Bio) enzyme and buffer according to the manufacturer’s protocol in a BioRad MyCycler 

thermocycler and primers ordered from Integrated DNA Technologies. PCR products 

were purified by agarose gel electrophoresis and extracted with the QIAquick gel 

extraction kit (Qiagen). Restriction digests were performed in 20-50ul reactions using 

enzymes and buffers from Promega or New England Biolabs according to the 

manufacturer’s protocol. Ligation of sticky ends was done using a 3:1 molar ratio of 

insert:vector in a 20uL reaction with T4 DNA ligase (NEB) at room temperature for 1 

hour or overnight at 16°C. Ligation reactions were transformed into One Shot® TOP 10 

or MAX Efficiency® DH5α chemically competent E. coli cells (Invitrogen) by 

incubating 1μl of ligation reaction with 50μl cells on ice for 30 minutes, heat shocking at 

42°C for 30 seconds and then incubating on ice for an additional 2 minutes. Cells were 
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plated on Luria-Bertani (LB) media containing the appropriate selective marker and 

incubated at 37°C. Plasmid stocks were prepared by inoculating a single colony into 

50mL of LB broth, growing overnight at 37°C with shaking at 225rpm, and extracting 

plasmid DNA with the GenElute Endotoxin-free Plasmid Midiprep Kit (Sigma). DNA 

concentration was determined using NanoDrop spectrophotometry. Plasmid stocks were 

stored at -20°C and transformed bacteria stocks were stored at -80°C in 10% DMSO or 

50% glycerol. 

 

Sequencing and sequence data analysis 

 DNA sequencing was performed by the McDermott Center Sequencing Core at 

UT Southwestern or the University of Washington Biochemistry DNA Sequencing 

Facility. Both facilities used 1200ng of plasmid template and 8pmol primer in a 12ul 

volume and were amplified using Big Dye Terminator 3.1 chemistry and analysed by 

capillary electrophoresis (ABI). Trace files for manual base-calling and verification were 

examined using Chromas software (Technelysium). Sequence data was analysed, 

annotated, and otherwise manipulated and explored using Vector NTI software 

(Invitrogen). 

 

Cloning JFH1 expression constructs  

 Plasmids expressing the JFH1 nonstructural proteins were constructed by PCR 

amplifying the nonstructural genes from the pJFH1 template using primers containing a 

NotI site engineered in the 5’ primer and an XbaI site in the 3’ primer. (Primers are listed 

in Table 2-2). PCR products were digested in a NotI XbaI double digest. These products 
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were ligated into pFLAG-CMV-HA which had also been digested with NotI and XbaI 

and treated with alkaline phospatase. This vector creates a 5’ Flag-HA tagged fusion 

protein under the control of a CMV promoter. The resulting constructs were called 

pNS3/4A (JFH1), pNS4A/B (JFH1), pNS4B (JFH1), pNS5A (JFH1), and pNS5B (JFH1). 

Constructs were verified by restriction digest and sequencing using primers M13-21 (5’-

TGTAAAACGACGGCCAGT-3’) and M13-REV (5’-

CACACAGGAAACAGCTATGACCAT-3’). Expression was confirmed by transfecting 

these constructs into Huh7 cells and immunoblotting for HA reactive protein of the 

expected size.  

# Name Sequence Description 

662 JFH 2781 a TTAGGCATAAGCCTGCCGGGGCAGTG 

3'primer to 
clone 
structural 
proteins Core-
P7 

663 JFH351s GTAGACCGTGCACCATGAGCA 

5' primer to 
clone 
structural 
proteins Core-
P7 

668 NS3/4A_JFH1_NotI GCGGCCGCTGCTCCCATCACTGCTTATGC 
5' primer to 
clone NS3/4A  

669 NS3/4A_JFH1_XbaI TCTAGACTAGCATTCCTCCATCTCATCAAAAGC 
3' primer to 
clone NS3/4A 

670 NS4AB_JFH1_NotI GCGGCCGCTAGCACGTGGGTCCTAGCTG 
5' primer to 
clone NS4AB  

671 NS4AB_JFH1_XbaI TCTAGACTAGCATGGGATGGGGCAGTC 
3' primer to 
clone NS4AB  

672 NS4B_JFH1_NotI GCGGCCGCTGCCTCTAGGGCGGCTCTCATC 

5' primer to 
clone NS4B  
(use w/ #671) 

673 NS5A_JFH1_NotI GCGGCCGCTTCCGGATCCTGGCTCCGC 
5' primer to 
clone NS5A  

674 NS5A_JFH1_XbaI TCTAGACTAGCAGCACACGGTGGTATC 
3' primer to 
clone NS5A  

675 NS5B_JFH1_NotI GCGGCCGCTTCCATGTCATACTCCTGGACCG 
5' primer to 
clone NS5B  

676 NS5B_JFH1_XbaI TCTAGACTACCGAGCGGGGAGTAGGAAG 
3' primer to 
clone NS5B  

 

Table 2-2. Primers for cloning JFH1 protein expression vectors.
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Cloning interferon-λ promoter luciferase constructs 

 In order to study the transcriptional activation of interferon-λ (Type 3 interferons), 

Promoter luciferase constructs containing the 2kb region upstream of the transcription 

start site of the interferon-λ1 or interferon-λ3 genes was cloned into pGL3-Basic 

(Promega), a plasmid which expresses firefly luciferase under the control of an inserted 

promoter of interest. To construct pIFN-λ1luc, template DNA was isolated from a human 

blood sample using the Qiagen genomic DNA extraction kit. IFN-λ1 (also called IL-29) 

promoter was amplified from this template in a PCR reaction using primer IL-29 fwd (5’-

GAAGATCTCAAGTCACTTTGCCTTCCTATGCC-3’) which contains a BglII site and 

IL-29 rev (5’-CTGCAGCCATGGCTAAATCGC-3’) which contains an NcoI site. The 

resulting PCR product and PGL3-Basic vector were digested with these enzymes and 

ligated together to form pIFN-λ1luc. Due to the high homology between IFN-λ2 and 

IFN-λ3 (also called IL-28A and IL28B, respectively), IFN-λ3 could not be efficiently 

amplified from genomic DNA, so a BAC containing the appropriate sequence, CTC-

246B18 (ResGen) was used as the template for PCR. Primer IL-28B fwd (5’-

CCCAAGCTTCGCAGCCTTGGGCCTGAC-3’) which contains a HindIII site and 

primer IL-28B rev (5’-GACGACTCATGACTGTGTCACAGAGAGAAAGGGAGC-3’) 

which contains a BspHI site were used to amplify the IFN-L3 promoter, digested, and 

then ligated into pGL3-Basic which had been digested with HindIII and NcoI (compatible 

with BspHI) to create pIFN-L3luc. These constructs were verified by sequencing with: 

 RVprimer 3 (5’-CTAGCAAAATAGGCTGTCCC-3’), GLprimer2 (5’-

CTTTATGTTTTTGGCGTCTTCCA-3’), and IL-29revseq (5’-

TCTCAGCTACTCAGGAGGC-3’). 
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RNA protocols 

 

In vitro transcription of HCV RNA 

 In vitro transcription was used to prepare infectious HCV JFH1 RNA for 

transfection to produce virus particles or as a control for RT-qPCR assays. 10ug of 

pJFH1 was linearized by digestion with XbaI in a 50ul reaction overnight at 37°C in 

order to ensure that the RNA transcript would contain the correct 3’ end. XbaI activity 

was inactivated by incubation at 65°C for 2 hours. The reaction was then treated with 

0.5ul mung bean nuclease (Promega) for 1 hour at 37°C to remove any overhanging ends. 

To remove protein, 20ul of the reaction was treated with 0.5ul 20% SDS and 0.5ul of 

1mg/mL proteinase K and incubated at 50°C for 1 hour. DNA was then precipitated by 

adding 1/20 volume 0.5M EDTA, 1/10 volume 5M sodium acetate, and 2 volumes 100% 

ethanol and chilling at -20C for >= 15 minutes. DNA was pelleted by centrifugation, 

washed with 70% ethanol, dried, and resuspended in 9ul water.  

 4ug of this DNA was then used as a template for in vitro transcription using the 

Megascript T7 kit (Ambion) in a 20ul reaction containing 2ul reaction buffer, 2ul of each 

ribonucleotide and 2ul of enzyme mix. In vitro transcription was carried out at 37°C for 3 

hours, an additional 2ul of enzyme mix was added, and the reaction was incubated for an 

additional 2 hours at 37°C. Template DNA was removed by incubation with 1ul RNAse 

free DNAse1 at 37°C for 1 hour. To precipitate RNA, 25ul of RNAse free water was 

added along with 25ul lithium chloride precipitation solution (7.5M LiCl, 50mM EDTA) 

and then the reaction was incubated at -20C for >= 30 minutes. RNA was pellet by 

centrifugation at maximum speed in a microcentrifuge for 15 minutes. The pellet was 
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washed once with 70% ethanol, resuspended in 50ul nuclease free water, and stored at -

80°C.  

 

RNA extraction  

 For relative quantitation of cellular mRNAs or HCV RNA, cells were washed 

with PBS and detached with 0.05% trypsin (Gibco). Trypsin activity was neutralized by 

the addition of media containing 10% FBS. Cells were pelleted at 35,000 rpm for 1 

minute, washed with PBS and lysed in 540ul Buffer RLT (Qiagen). Lysates were 

homogenized by passing 5 times through a 20 gauge needle or by using Qiashredder 

columns (Qiagen) in the case of infectious samples. The RNAeasy kit (Qiagen) was used 

according to the manufacturer’s protocol to extract RNA, with the addition of an on-

column DNAse digestion step. RNA was eluted in 40uL of nuclease free water and 

concentration determined by NanoDrop spectroscopy. RNA samples were stored at -

80°C. 

 For quantitation of HCV RNA in cell free supernatants or pellet fractions of 

immunoprecipitation reactions, HCV RNA was extracted from 140uL of supernatant or 

agarose bead slurry using the QIAamp viral RNA mini kit (Qiagen) according to the 

manufacturer’s protocol and eluted in 80uL of water to allow 25uL of RNA to be used in 

triplicate for real time (RT)-PCR reactions.  

 

SYBR green relative RT-PCR 

 RNA samples were diluted with nuclease-free water to prepare 10ng/uL stocks of 

each sample. 25uL RT-PCR reactions were set up in triplicate using 12.5ul SYBR green 
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master mix (ABI), 1ul 1.25uM primer mix, 0.25ul RNAse inhibitor, 6.125ul water, and 

5ul (50ng) RNA sample, and 0.125ul reverse transcriptase. For each sample, GAPDH 

control reactions were set up in parallel to the gene(s) of interest. “No template” controls 

were prepared for each primer set and “no reverse transcriptase” controls were prepared 

for each RNA sample. Reactions were prepared in 96 well plates, sealed, and centrifuged 

at 300g for 2 minutes. Plates were run in an Applied Biosystems 7300 Real Time PCR 

system using a 30 minute reverse transcription step at 48°C and a 10 minute step at 95°C, 

followed by 40 cycles of [95°C for 15 seconds, 60°C for 60 seconds]. Cycle threshold 

(Ct) values were exported to Microsoft Excel and then fold change in mRNA expression 

was calculated by the formula fold change = 2^-ddCt, where dCt = (Ct(gene of interest) – 

Ct(GAPDH)) and ddCt= dCt(experimental sample) –dCt(control sample). The primers 

used to amplify genes of interest are show in Table 2-3. 

 

# Primer Sequence 
013 IFNbeta_r 5' CAGCAATTTTCAGTGTCAGAAGCT 
014 IFNbeta_r 3' TCATCCTGTCCTTGAGGCAGTAT 
017 GAPDH_4 5' CTG GGC TAC ACT GAG CAC CAG 
018 GAPDH_4 3' CCAGCGTCAAAGGTGGAG 
087 JFH1S TGCGGAACCGGTGAGTACAC 
088 JFH1A GGGCATAGAGTGGGTTTATCCA 
091 hIFN-b forward TGCTTCTCCACGACAGCTCTTT 
092 hIFN-b reverse CCCATTCAATTGCCACAGGA 
095 HCVTaqS cgggagagccatagtgg 
096 HCVTaqAS agtaccacaaggcctttcg 
123 IFN-L1 fwd CACGCGAGACCTCAAATATGTG 
124 IFN-L1 rev AGGGTGGGTTGACGTTCTCA 
125 IFN-L2/3 fwd GCCACATAGCCCAGTTCAAGTC 
126 IFN-L2/3 rev GGCATCTTTGGCCCTCTTAAA 
127 Human IL-28A Superarray 
128 Human IL-29 Superarray 
131 Human IL-18 Superarray 
132 Human IL-1B Superarray 

                  

  Table 2-3. Primers for RT-PCR assays. 
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Taqman quantitative RT-PCR  

 Quantitative RT-PCR (RT-qPCR) reactions to determine HCV levels in terms of 

absolute genome copy number per volume were set up using the GeneAmp EZ rTth RNA 

PCR kit (ABI), primers HCVTaqS and HCVTaqAS (Table 2-3), and Taqman probe 

(ABI). Triplicate 50uL reactions were set up using 25ul RNA extracted with the QIAamp 

Viral RNA minikit (Qiagen) and 2x the volumes of components listed in the 

manufacturer’s protocol for a 25ul reaction. A standard curve using in vitro transcribed 

HCV RNA was set up in duplicate or triplicate at 108, 106, 105, 104, 103, 102, and 101 

genome copies per well based on the length of 9.6kb length of the HCV genome and base 

pair mass of RNA such that 48.8ng HCV RNA= 1010 genome copies. Plates were run in 

an Applied Biosystems 7300 Real Time PCR system using a 30 minute reverse 

transcription step at 60°C and a 5 minute step at 95°C, followed by 40 cycles of [95°C for 

20 seconds, 62°C for 60 seconds]. Genome copies per well were converted to genome 

copies per mL by multiplying by a factor of 7.14 (RNA extracted from 140ul/1000uL, 

divided into 1/3 wells). 

  

siRNA knockdown 

 Previously described siRNA duplexes targeting CD81 

(UGAUGUUCGUUGGCUUCCU), SR-BI (GCAGCAGGUCCUUAAGAAC), and 

Claudin-1 (UAACAUUAGGACCUUAGAA) were purchased from Dharmacon. The 

member of the siGENOME ON-TARGETplus SMART pool (Dharmacon) targeting the 

LDL receptor, which resulted in the greatest knockdown of Ldl-r mRNA expression, was 

identified (GGACAGAUAUCAUCAACGA). 0.4nmols of these siRNA duplexes were 
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transfected into 1x105 Huh7.5 cells using RNAiMAX transfection reagent (Invitrogen). 

Cells were analyzed for knockdown or used for infection at 3 days post transfection.  

 

Microarray analysis 

 For microarray analysis of response to HCV infection, Huh7 and Huh7.5 cells 

were infected at MOI=2 and samples were collected at 4, 12, 24, 36, and 72 or in a 

separate experiment 72, 96, and 120 hours post infection. RNA was extracted using the 

RNAeasy kit. Fluorescent Cy3 and Cy5-labelled cRNA were synthesized from total RNA 

using the Agilent Low RNA Input Fluorescent Linear Amplification Kit according to the 

manufacture’s specifications.  Fluorescent cRNA targets were purified using Qiagen 

RNeasy mini spin columns and then evaluated using the NanoDrop Spectrophotometer. 

Human 1A Oligo Microarray (V2), which contains over 20,000 60-mer probes 

corresponding to over 18,000 human genes, were purchased from Agilent.  Hybridisation 

and washing of slides was performed according to Agilent’s protocols.  Spot quantitation, 

normalization and application of a platform-specific error model was performed using 

Agilent’s Feature Extractor software and all data was then entered into a custom-designed 

database, Expression Array Manager, and then uploaded into Rosetta Resolver System 

4.0.1.0.10 (Rosetta Biosoftware, Kirkland, WA) and Spotfire Decision Suite 7.1.1 

(Spotfire, Somerville, MA). A single experiment comparing two samples, one from a 

HCV-infected cells and one from the mock infected cells, was performed with four 

replicate arrays using the dye label reverse technique, thus providing mean ratios between 

the expression levels of each gene in the analyzed sample pair, standard deviations, and P 

values.  
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Protein protocols 

 

Western blot 

 For immunodetection of proteins, cells were washed with PBS and detached with 

.05% trypsin. Trypsin activity was neutralized by the addition of media containing 10% 

FBS. Cells were pelleted at 3,500 rcf for 1 minute, washed with PBS and lysed with 

100uL of cell lysis buffer consisting of 25mM Tris, 150mM NaCl, 1% TritonX-100, 

1mM EDTA supplemented with 1ul okadaic acid, 10ul aprotinin (Sigma) and 10ul Sigma 

protease inhibitor cocktail per mL. Lysates were incubated on ice for 10 minutes and then 

pelleted at 12000g for 10 min. Supernatants were transferred to a new tube and protein 

levels quantitated by Biorad assay using 1 ul of sample in 200ul of reagent. Protein 

concentrations were determined by comparison to a standard curve prepared with a 

known concentration of BSA.  

 20-100ug of protein was mixed with an appropriate volume of 2x or 4x SDS 

loading buffer and boiled at 100°C for 5 minutes. Samples were were separated by SDS-

PAGE and transferred to nitrocellulose membranes. Membranes were blocked with 5% 

milk in PBST. After a brief rinse with PBST, membranes were probed with primary 

antibody for >= 1 hour at the dilutions listed below in Table 2-4.  Blots were washed and 

incubated with 1:10,000 peroxidase-conjugated secondary antibody (Jackson 

Immunoresearch) for 1 hour (conventional) or 10 minutes (SnapID system, Milipore). 

Membranes were washed 3 x 5 minutes in PBST and developed using ECL reagent (GE 

Healthcare). For multiple probings, blots were washed in PBST for 5 minutes, water for 5 

minutes and then stripped in 0.2M NaOH for 5 minutes at room temperature or ß-
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mercaptoethanol stripping buffer (25mM Tris, 100mM ß-ME, 1% SDS) for 30 minutes at 

55°C, followed by a 5 minute water wash and 2 x 5 min washes with PBST.  

Relative densitometry analysis was performed using ImageJ software (NIH) and 

the formula (mean intensity experimental band – mean intensity background) / (mean 

intensity control band – mean intensity background). 

 

Antibody Animal Source WB IFA 
α1-antitrypsin sheep Biodesign International 1:2000  
Actin goat Santa Cruz 1:500  
ApoB sheep Biodesign International 1:1000  
ApoE goat Calbiochem 1:2000 1:1000 
a-Tubulin mouse Sigma 1:5000  
Claudin-1 
(2H10D10) mouse Zymed 1:500  
GAPDH goat Santa Cruz 1:1000  
HA mouse Sigma 1:5000  
HCV Core mouse Affinity BioReagents  1:500 
IPS-1 rabbit James Chen 1:1000  
ISG-56 rabbit Ganes Sen 1:4000  
LDL-R (HL-1) mouse Jin Ye 1:2000  
LDL-R (C7) mouse Jin Ye 1:500  
NFκB p65 rabbit Upstate 1:1000  
Serum A human Will Lee 1:2000 1:3000 
Serum F human Will Lee 1:1000  
SR-B1 (ab396) rabbit Abcam 1:2000  
IKBa rabbit Santa Cruz 1:1000  
IRF3 rabbit Michael David  1:500 

 

Table 2-4. Antibodies used in this study. 

 

Immunoprecipitation 

 For recovery of immunocomplexes, up to 500uL of HCV-containing supernatant 

was incubated with the indicated antibody for 1 hour and then 50uL of Protein G Plus 

Agarose Suspension (Calbiochem) was added. Tubes were rocked at 4°C overnight and 

then centrifuged at 1000g for 2min. Supernatant was removed and used for infection, 
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RNA extraction, or mixed with SDS sample buffer for western blotting. Pellets were 

washed 3 times with PBS and then used for RNA extraction or western blotting.  

 

Virology assays 

 

Infection  

 For infections with HCV at a defined MOI, concentrated virus stocks were diluted 

with an appropriate amount of DMEM and incubated with Huh7.5 cells for 1.5 hours. 

Cells were washed 1 time with PBS and then maintained in DMEM containing 10% FBS 

and analyzed 48 hours post infection, unless otherwise indicated. Infections with Sendai 

virus (Cantrell strain, Jackson Labs) were performed at 100 hemagglutination units 

(HAU) per mL by diluting a 4,000 HAU/mL stock in serum free media and incubating 

cells with virus for 1 hour, washing 1 time with PBS, and then maintaining cells in 

DMEM containing 10% FBS for up to 24 hours. 

 

Virus production 

 HCV was collected from the supernatant of an Huh7 derived cell line that 

constitutively produces genotype 2a strain JFH1 RNA from a ribozyme-modified HCV 

genome integrated into the host genome (kind gift from George Luo). For large scale 

virus preps, these cells were incubated with DMEM containing 2% FBS for 48 hours and 

then the HCV containing supernatant was filtered through a .22uM filter and 

concentrated 100x using Centricon 100,000MW cut-off filters (Millipore). Alternatively, 

high titer virus stocks were prepared by seeding 1x106 Huh7.5 cells in a T-75 flask and 
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infecting on the following day with 2x104 FFU of a passaged cell-culture adapted strain 

of HCV JFH1 prepared by Andrea Erickson and propagated by Courtney Wilkins. This 

yields an MOI of ~0.01.  Cells are then expanded to several 15cm dishes. At 4 days post 

infection media was changed to 2% FBS media and harvested when cytopathic effects 

became evident. These sups were then filtered and concentrated as described above. 

Virus stocks were stored at -80°C. 

 

Focus forming unit assay 

 100uL of virus sample were used to infect 2x104 Huh7.5 cells in triplicate in a 48 

well dish. After 48 hours, plates were washed with PBS and fixed for 30 minutes in 3% 

paraformaldehyde. Cells were permeablilized with 0.2% TritonX-100 in PBS for 15 

minutes. Cells were then blocked in 10% FBS for 10 minutes and stained using 1:1500 

human α-HCV polyclonal serum for 1 hour, followed by 1 hour of 1:500 peroxidase-

conjugated donkey α-human antibody (Jackson ImmunoResearch). Infected foci were 

visualized using the Vector VIP peroxidase substrate staining kit according to the 

manufacturer’s protocol (Vector Labs) and counted by light microscopy on a Nikon 

Eclipse TE2000-E microscope. 

 

Gradient fractionation 

 To fractionate HCV virions by density, 5-50% iodixanol gradients (Optiprep) 

were prepared in DMEM buffered with HEPES and equilibrated overnight at 4°C. 0.5mL 

of virus sample was loaded on the top of the 10mL gradient and then spun in an Sw40Ti 

ultracentriguge rotor at 40,000rpm for 6 hours. 1mL fractions were removed by pipetman 
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from the top of the gradient into pre-massed microcentrifuge tubes. Mass of the tube 

subtracted from the mass of the tube + fraction yielded the density in g/mL of each 

fraction. Fractions were then used for infection, RNA extraction, immunoprecipitation, or 

frozen at -80°C for later use. 

 

Interferon bioassay 

 A bioassay of interferon activity present in conditioned media was carried out on 

the basis of ability to block vessicular stomatitis virus (VSV) infection. 2x104 cells were 

seeded per well in a 96 well plate format. (Note: each sample to be tested in duplicate 

requires 24 wells). Conditioned media to be tested was treated with UV to inactivate 

virus infectivity. 2-fold serial dilutions of conditioned media or 1000 U/mL IFN-β control 

were prepared and incubated with cells for 12 hours. This media was removed and then 

cells were infected with VSV at MOI=5 in a volume of 50ul/well (diluted in DMEM) for 

1 hour. Virus was removed and then cells were incubated in normal media for an 

additional 12 hours before staining with crystal violet. Interferon activity in experimental 

samples was measured by comparing the dilution cutoff where cells remain uninfected 

(purple- cells present, clear- cells lysed by infection) to the standard curve. 

 

Cellular assays 

 

Luciferase 

 In order to measure IFN-ß or IFN-λ promoter activity, pIFN-ßluc, pIFN-L1luc, 

pIFN-L2H, or pIFN-L3 were transfected into cells at a 4:1 molar ratio with pCMV-



41 
 

 

Renilla. For infection assays, cells were infected 24 hours post transfection and then 

analysed 16-24 hours post infection (Sendai virus) or 24-48 hours post infection (HCV). 

At this time samples were lysed in 60ul passive lysis buffer/well. Triplicate 25 ul samples 

were measured using 25ul Luciferase Assay Substrate (firefly) and 25ul Stop & Glo 

Substrate (renilla) (Promega) dispensed and read by a Berthold Centro LB960 

luminometer. Data was collected using MikroWin2000 software and exported to 

Microsoft Excel for analysis. Relative luciferase units (RLU) were calculated by the 

formula RLU = [ratio experimental sample (firefly/renilla)] / [ratio control sample 

(firefly/renilla)].  

  

LDL-R function assay 

 Uptake of 3’-prenylmethyl-23,24-dinor-5-cholen-22-oate-3ß-ol (PMCA) oleate, a 

blue fluorescent cholesterol analog, was used to assess endocytic activity of the LDL-R 

(68). Cells were incubated for 16 hours in media containing 1 μg/mL PMCA oleate and 

assessed by fluorescence microscopy or by flow cytometry on the Pacific Blue channel of 

an LSRII flow cytomter (BD Biosciences). 

 

25-hydroxycholesterol treatment 

 To modulate LDL-R expression, cells were treated for 16 hours in DMEM 

containing 10% NCL-PPS (newborn calf lipoprotein deficient serum), 50uM compactin, 

50uM mevalonate, 10uM geranylgeraniol, 10ug/mL cholesterol and the indicated amount 

of 25-hydroxycholesterol. We note that 25-HC treatment of cells suppresses the synthesis 

of geranylgeraniol, a prenyl lipid that is essential for HCV replication (136;141). Thus, in 
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order to retain HCV replication competence of cells all treatments with 25-HC were 

carried out in the presence of 10uM geranylgeraniol.  

 

Microscopy 

 

Immunofluorescence staining 

 Cells analysed by immunofluorescence were seeded in 4 well chamber slides 

(LAB-TEK) and fixed with 3% PFA for at least 30 minutes at room temperature, but 

more commonly overnight at 4°C. Cells were permeabilized with 0.2% Triton-X in PBS 

for 15 minutes followed by a PBS wash and blocking in 10% FBS in PBS. Primary 

antibodies were prepared in 10% FBS in PBS and incubated in a volume of 250uL/well 

for one hour. Slides were washed 3 times with PBS and incubated in the dark for one 

hours with Alexa488 or Alexa594 secondary antibodies (Molecular Probes) and 4’,6-

diamidino-2-phenylindole (DAPI) or propidium iodide for nuclear staining. Slides were 

washed 3 times with PBS, and then coverslips mounted over Vectashield (Vector Labs) 

and the edges of slides sealed with clear enamel (Revlon). Slides were stored in the dark 

at room temperature for short term storage or at 4°C for extended storage/archive. Slides 

were examined on a Nikon Eclipse TE2000-E microscope. Images were captured using 

NIS Elements software (Nikon). 
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Flow cytometry 

 

Intracellular staining of HCV 

 To determine the percentage of HCV-infected cells within in vitro cultures, 

2x105- 1x106 infected cells were trypsinized, washed with PBS, and fixed with 3% PFA. 

Cells were stained for intracellular HCV protein following the Current Protocols in 

Immunology intracellular staining protocol using 1:2000 human polyclonal α-HCV 

serum A and 1:2000 Alexa Fluor 488 Goat α-human secondary (Molecular Probes).  

 

Surface CD81 expression 

 CD81 expression was measured using PE-conjugated α-human CD81 antibody 

according to the manufacturer’s protocol (BD Pharmingen). Cells were analyzed on a 

FACSscan2 flow cytometer and data was collected using Cell Quest Pro (Becton 

Dickson). Data was analyzed using FlowJo (Tree Star, Inc.). 

 

Statistics 

 Error bars in the figures presented here represent standard deviation from 3 or 

more measurements and are calculated using Microsoft Excel’s stdev function. Tests of 

statistical significance employ Student’s t-test and were calculated using the online t-test 

calculator available at www.graphpad.com/quickcalcs/ttest1.cfm. 
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CHAPTER 3: THE JFH1 CULTURE MODEL  

 

Introduction 

 

 Although HCV was discovered in 1989, an infectious cell culture system would 

not be developed until 15 years later. Attempts to infect tissue culture cell lines with virus 

isolated from patients did not result in productive infection, so studies of the full virus 

lifecycle were confined to the chimpanzee model. Due to the high cost and limited access 

to this model system, an alternative would be needed to facilitate studies on a scale 

proportional to the burden of disease. These limitations were partially overcome by 

Volker Lohmann with the development of the HCV replicon system in which an HCV 

RNA is able to produce proteins and form a viral replicase complex that supports 

persistent viral replication, but does not produce infectious particles (78). Replicons can 

be constructed with a full length genome or as a subgenomic replicon where the HCV 

IRES drives expression of a selectable marker such as neomycin resistance and the HCV 

nonstructural proteins are expressed under the control of an EMCV IRES.  

Several such subgenomic replicons were constructed by researchers in Japan 

using HCV genome sequences isolated from patients with fulminant hepatitis. One of 

these subgenomic replicons, SGR-JFH1 was found to replicate without the need to 

acquire cell culture adaptive mutations. This was unusual as most subgenomic replicons 

require adaptive mutations for efficient cell culture replication. Intrigued, Wakita and 

colleagues constructed the full length HCV JFH1 genome and transfected it into human 

hepatoma cells. Surprisingly, this genome was able to produce HCV particles which were 
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released into the supernatant of transfected cells and could be used to infect cells in a 

second round of infection. This discovery meant that a system was now available for 

studying the complete virus lifecycle in tissue culture. We received plasmids pJFH1 and 

pSGR-JFH1 encoding the complete virus genome and subgenomic replicon, respectively, 

from Takaji Wakita. I used these tools to begin developing assays and protocols for 

studying HCV infection in the Gale laboratory as described in this chapter and the 

previous chapter. 
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Results & Discussion 

 

Identifying JFH1 reactive antibodies 

 Many techniques including immunoblot, immunofluorescence microscopy, and 

immunohistochemistry rely on access to an antibody that is able to recognize and bind to 

the protein of interest. In order to identify an antibody which could be used for studying 

infection with the JFH1 strain of HCV, I screened sera from HCV infected patients. 

Serum samples from 8 patients infected with genotype 2 HCV were obtained (with 

informed consent) from Dr. William Lee at UT Southwestern. These sera were 

designated Serum A-H in order to protect patient confidentiality. Sera were treated with 

1% Triton-X in order to neutralize any HCV infectivity.  

 Huh7.5 cells were transfected with in vitro transcribed JFH1 RNA. Lysates from 

these cells or mock transfected cells were separated by SDS page and transferred to 

nitrocellulose membranes. These membranes were probed with serum A, B, C, D, E, F, 

G, and H (each antibody on its own membrane) at a 1:1000 dilution. Two sera, A and F, 

detected multiple HCV proteins (Fig. 3-1A). In order to identify the proteins detected by 

Serum A and Serum F, constructs expressing HA-tagged nonstructural proteins NS3/4A, 

NS4A/B, NS5A, and NS5B were transfected into Huh7 cells. All constructs expressed 

HA-reactive protein of the expected size. Serum A was found to detect at least NS3/4A, 

NS4A/B, and NS5A. Serum F was found to detect NS3/4A and NS4AB. Since Serum A 

had the greatest sensitivity (based on the strength of signal at 1:1000 dilution) and range 

of detected proteins, it was used in the development of subsequent immunoassays 

described in Chapter 2. 
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Figure 3-1. Identification of HCV JFH1 immunoreactive human sera. A) Lysates 
from HCV infected Huh7.5 cells were immunoblotted with sera from HCV infected 
patients. B) Huh7.5 cells were transfected with constructs expressing HA-tagged HCV 
nonstructural proteins and immunoblotted with sera from HCV infected patients.  
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Virus infection parameters  

   In order to design interpretable experiments it is important to understand the 

normal kinetics of virus entry, replication and release. In order to determine the amount 

of time virus should be incubated with cells in infection experiments, 2x104 Huh7.5 cells 

were seeded in 4 well chamber slides. HCV was incubated with cells at MOI=0.5 in a 

volume of 250ul for 5, 30, 60, 180, or 240 minutes at 37°C. Cells were then washed with 

PBS and incubated at 37°C in normal media for an additional 48 hours. Slides were fixed 

with 3% PBS and then stained for intracellular HCV. The number of HCV positive and 

negative cells in a representative field of view was counted manually from saved images 

to calculate % infected (Fig 3-2A). The percent infected reached a maximum at 60 

minutes of incubation indicating that any diffusion or entry processes which can be 

disrupted by PBS wash have been completed by 1 hour. After the intracellular staining 

protocol for flow cytometry had been developed, this experiment was repeated by 

infecting 1x105 Huh7.5 cells at MOI=0.5 in 6 well dish in a volume of 0.5mL (Fig. 3-

2B). In this experiment the maximum number of cells was infected within 30 minutes of 

incubation. The difference likely reflects a lower diffusion barrier due to a greater 

fraction of the virus containing media being in contact with the cells. Virus was incubated 

with cells for a minimum of 1.5 hours in all future infections to ensure sufficient virus-

cell contact.  
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Figure 3-2. HCV JFH1 entry kinetics. Huh7.5 cells were incubated with HCV at 
MOI=0.5 at 37° for the indicated time, washed once with PBS, then incubated in media 
for an additional 48 hours and fixed with PFA. A) Results from infection in a chamber 
slide counted by IFA. B) Results from infection in a 6 well dish analysed by flow 
cytometry. 
 

 

 To accurately measure virus titer or the effects of a treatment on a single round of 

infection, it is important to pick a time point that allows infection to progress long enough 

for infected cells to produce HCV protein, but not so long that results are significantly 

confounded by multiple rounds of infection. The kinetics of virus production can be 

determined by a one step growth experiment in which infection is performed at a 

sufficiently high MOI such that all cells are initially infected and the effects of virus 

spread are minimized. I conducted a 1 step growth curve in Huh7.5 cells by infecting at 

MOI=2 and measuring the amount of virus released at 12 hour intervals following 

infection (Fig. 3-3). These results show that virus production reaches a peak at 48 hours 

post infection. As such, virus entry experiments and titer assays were measured at 48 

hours post infection. 
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Figure 3-3. HCV JFH1 one step growth curve. Huh7.5 cells were infected with HCV 
at MOI=2 and samples were collected for titer every 12 hours. 
 

 

Virus stability 

 Estimates of exposure risk, safety procedures, and confidence in the results of 

one’s experiments can all be enhanced by a sense of the physical characteristics and 

hardiness of a virus. Towards this end I examined the effect of heat or UV stress on the 

HCV virion in order to assess the thermal and UV stability of HCV infectivity. Although 

virus stocks were stored at -80°C to ensure long term viability, I did not observe a 

significant decline in infectivity in unconcentrated virus supernatants stored at 4°C for up 

to a week. In order to assess virus stability at higher temperatures I measured infectivity 

of virus incubated at room temperature or at 37°C (Fig 3-4). In both cases, about 20% of 

infectivity remained after 24 hours. Although there are not enough data points to draw a 
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firm conclusion, the fact that 80% of infectivity remains after 6 hours at 37°C suggests an 

approximately linear decline in infectivity with time. 

 

 

Figure 3-4. Temperature stability of HCV JFH1. HCV was incubated at A) room 
temperature or B) 37°C for the indicated amounts of time. (Note: 0 hour sample was 
incubated at 4°C) 
 

 

 Gale lab safety protocols include an ultraviolet (UV) irradiation step in the clean-

up protocol after working with HCV in biological safety cabinets as UV is able to 

inactivate virus infectivity by crosslinking proteins and damaging genetic material. In 

order to quantify the effects of UV on virus infectivity I carried out a UV killing curve. 

0.5mL samples of HCV containing supernatant in a 12 well dish were exposed to the UV 

light in a biological safety cabinet and samples were removed for titer after 1, 2, 3, 5, and 

10 minutes of exposure (Fig 3-5). Infectivity declined rapidly with UV exposure with less 

than 1% remaining after 5 minutes of exposure.  
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Figure 3-5. HCV JFH1 sensitivity to UV light. 0.5mL samples of media containing 
HCV were exposed to UV light in a biological safety cabinet for the indicated times in a 
12 well dish.  
 
 

 Interferon sensitivity 

 Patients infected with genotype 2 strains of HCV have a much greater likelihood 

of successful outcomes with IFN-α therapy with 80% of patients achieving a sustained 

virologic response (SVR) compared to a 40% SVR in patients infected with genotype 1 

strains. As JFH1 is a genotype 2 virus I was interested in studying the sensitivity of this 

virus to interferon and then finding a low dose of interferon which could be used to select 

for interferon resistant virus and sequence the mutations conferring interferon resistance. 

Towards this end I determined the 50% inhibitory concentration (IC50) of IFN-α on HCV 

RNA replication. Huh7.5 cells were infected at MOI=1. 48 hours post infection, cells 

were treated with 0, 0.5, 5, 10, or 50 U/mL IFN-α for an additional 48 hours. RNA was 

extracted and relative HCV RNA levels were measured by RT-PCR (Fig 3-6). The IC50 

value was determined to be 5 U/mL. Attempts to select IFN resistant virus were not 
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pursued further due to limitations of the study design (IFN treated cells did not produce 

enough infectious particles to sustain a passaging strategy) as well as potential safety 

concerns about creating a virus that would be more resistant to therapy in the case of an 

accidental exposure.  

 

 

Figure 3-6. HCV JFH1 sensitivity to IFN-α. Huh7.5 cells were infected at with HCV at 
MOI=1. After 48hs of infection, cells were treated with IFN-α at 0, 0.5, 5, 10, 25 or 50 
U/mL for an additional 48 hours. Intracellular HCV RNA was measured by RT-PCR and 
normalized to untreated levels. 
 

 

Susceptible cell lines 

 Initial experiments with HCV conducted in human hepatoma (Huh7) derived cell 

lines revealed that there are variations in permissiveness for infection among these lines. 

Huh7.5 cells are a daughter cell line of Huh7 which have been cured of an HCV replicon 

by interferon treatment. This line contains a defect in the innate immune response which 
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renders them more permissive for infection than the parent Huh7 cell line (discussed in 

more detail in Chapter 5). However other Huh7 derived cured replicon lines were found 

to be less permissive for infection. Huh7, Huh7.5, HP cured, and K2040 cured cells were 

infected at MOI=1 or MOI=7.5 and stained for intracellular HCV at 48 hours post 

infection (Fig 3-7A). K2040 cured cells were much less permissive for infection than 

Huh7, although a proportionally higher percentage of cells was infected at MOI=7.5 than 

MOI=1. This suggests that K2040 cured cells may have a deficiency (though not 

complete absence) of some entry or replication factor supporting initial infection. 

Conversely, HP cured cells could not be infected even at MOI=7.5 which may suggest a 

complete lack of an essential entry or replication factor. The defects in K2040 cured and 

HP cured infection were not pursued further; however it would be interesting to 

determine whether these observations represent entry or replication defects. Such a 

question could be addressed by experiments measuring cell associated HCV RNA at an 

early time post infection and/or by transfecting HCV RNA to avoid entry defects.  

In addition to hepatoma derived cell lines, it would be desirable to study infection 

in other non-cancer hepatocyte cell lines. I infected Huh7.5 or Immortalized Human 

Hepatocytes (IHH) at MOI=1 and stained for intracellular HCV protein at 48 hours post 

infection (Fig 3-7B). I was unable to detect any HCV positive IHH cells. I was similarly 

unable to infect PH5CH8 cells at MOI=1, although a visiting fellow in the Gale Lab, 

Junichi Tanabe, was able to infect this line using MOI=10.  

 

 



55 
 

 
 

 

 

Figure 3-7 Cell line susceptibility to HCV JFH1 virus. A) Huh7, 7.5, K2040 cured and 
HP cured cells were infected at MOI=1 or 7.5 and stained for presence of virus at 48 
hours post infection. B) Huh7.5 or IHH cells infected at MOI=1  

 

 

In a further attempt to establish another hepatocyte culture model of infection, I 

constructed a HepG2-CD81 transgenic cell line (Fig 3-8) to rescue the HepG2 lack of the 

essential HCV entry factor CD81. I attempted to infect this cell line at MOI=1 but did not 

detect any HCV positive cells by IFA. The fact that only a limited subset of hepatocyte 

cell lines support HCV JFH1 infection highlights the complex interplay between virus 
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and host and the multiple barriers- entry, host replication factors, and innate immune 

evasion- that the virus must overcome to establish persistent infection.  

 

 

Figure 3-8. CD81 expression in HepG2 cells. A) Huh7.5 cells were stained with PE-
conjugated anti-CD81 antibody or isotype control and analysed by flow cytometry. B) 
CD81 expression in wildtype HepG2 cells. C) CD81 expression in a HepG2-CD81 
transgenic cell line.   
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CHAPTER 4: HCV ENTRY VIA LIPOPROTEIN INTERACTIONS 

 

Introduction 

 

The process of cell interaction with the HCV virus particle, and the mechanisms 

of cell entry by HCV are incompletely understood. However, several HCV co-receptors 

have been identified using soluble envelope protein binding assays and HCV 

pseudoparticles expressing E1 or E2 (12). These receptors include CD81, SR-BI, claudin-

I, and occludin (13;28;144). CD81 is a member of the tetraspanin family of membrane 

proteins. The high density lipoprotein (HDL) receptor, SR-BI, also binds E2 and is 

required for cell entry by HCV pseudoparticles, while blocking antibodies against SR-BI 

reduce HCV entry into cultured hepatoma cells (19;62). Claudin-I is a tight junction 

protein that is required for HCV entry into cells expressing CD81 and SR-BI, and may 

facilitate direct cell to cell virus spread during infection (129). Recently another tight 

junction protein, human occludin, has been identified as an HCV entry factor and may 

play a role in restricting species specificity of HCV infection (109).   

The low density lipoprotein receptor (LDL-R) has also been proposed to function 

as a co-receptor for HCV entry wherein LDL-R-HCV interaction would be facilitated 

through virus association with host lipoprotein components (20;36;52;96;128). Indeed, in 

previous studies to assess in vitro binding of patient-derived HCV particles to cultured 

hepatocytes, virus binding was strictly associated with the levels of LDL-R expression 

despite high expression of CD81 and SRBI on the target cells (84;138).  Cell entry of 

HCV RNA of patient-derived virus isolates was also dependent on LDL-R expression by 
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the primary hepatocyte target cells (3;95). However primary hepatocytes and virtually all 

HCV clinical isolates studied to date do not support efficient productive infection in vitro, 

thereby limiting our understanding of LDL-R/virus/lipoprotein interactions in HCV 

infection.  

The development of a tissue culture system for productive HCV infection based 

on genotype 2a strain JFH1 (134) has afforded the possibility of testing the role of these 

interactions in productive infection using virus particles resembling those produced in 

vivo. Recent studies using this HCV cell culture infectious system indicate a role for 

HCV/lipoprotein interactions in HCV infection. The HCV replicase has been shown to 

localize to sites of very low density lipoprotein (VLDL) assembly within infected cells, 

from which release of infectious virus is dependent on the microsomal transfer protein 

(MTP) and secretion of apolioproteins apoB and apoE (20;36;52;103). Importantly, 

hepatocytes secrete VLDL particles which are composed of a hydrophobic core of 

triglycerides and cholesteryl esters surrounded by a surface coat containing 

phospholipids, free cholesterol and two predominant lipoproteins, apoB (present in a 

single copy) and apoE (multiple copies). Nascent VLDL particles released into plasma 

are not ligands for LDL-R. However, upon processing by lipoprotein lipase which 

hydrolyzes the triglycerides in the core of the lipoprotein particles, a large proportion 

(~70%) of the resulting intermediate density lipoproteins (IDL), is efficiently removed 

from plasma by LDL-R on hepatocytes. This process depends on the interaction between 

LDL-R and apoE located on IDL. The remaining IDL in the circulation is converted to 

LDL by a reaction catalyzed by hepatic lipase, which further reduces the amount of 

triglycerides in the lipoprotein particles (21). β-VLDL is a class of lipoprotein particles 
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enriched in cholesteryl ester that is similar to IDL in that cellular uptake of β-VLDL is 

dependent on the interaction between LDL-R and apoE associated with the lipoprotein 

particles. β-VLDL is frequently used as a substitute for IDL to study LDL-R-mediated 

endocytosis as it can be easily isolated from animals fed with diet enriched in cholesterol, 

while IDL is difficult to isolate. Once formed from either IDL or VLDL, LDL is taken up 

by LDL-R on hepatic as well as nonhepatic cells in a process that relies on interaction 

between the receptor and apoB associated with LDL. Thus, HCV interaction with host 

lipoproteins, and formation of HCV/lipoprotein particles, could explain the low density 

of HCV particles present in patient sera and may define a role for HCV/lipoprotein 

particles in infection.  

 In the present study we examined HCV/lipoprotein interaction and function in 

HCV infection in vitro.  Our observations present a role for the LDL-R in mediating 

HCV entry of cultured cells through an apoE-dependent process of HCV/lipoprotein 

complexes.  
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Results  

 

HCV interacts with lipoprotein metabolism 

 Our interest in the interaction between HCV and lipoprotein metabolism grew out 

of collaborations with Dr. Jin Ye’s laboratory. A former postdoc in the Gale lab, Dr. 

Chunfu Wang discovered a geranyl-geranylated host protein, FBL2, required for HCV 

replication (136;141). This led to a search for other host factors which might contribute to 

HCV replication. An understanding of how such host factors support HCV replication 

would be expected to yield potential therapeutic targets for the treatment of HCV. 

Towards this end an assay was designed in which the HCV replicase complex was 

immunoprecipitated with anti-NS5A antibody and the associated host proteins were 

identified by mass spectrometry. Several proteins involved in the synthesis of lipoprotein 

particles including apoE, apoB, and microsomal triglyceride transfer protein (MTP) were 

among those identified (52). This observation was particularly interesting in the context 

of the early reports showing association between HCV RNA and lipoprotein particles. It 

suggested that the basis of this interaction may lie in a deliberate exploitation of the 

lipoprotein synthesis machinery by HCV as opposed to incidental interactions between 

secreted virus and secreted lipoproteins occurring in serum. 

 To explore the link between lipoprotein metabolism and HCV replication I sought 

to perturb the lipoprotein synthesis machinery and examine the effect on release of HCV. 

In order to determine the effect of blocking MTP activity on HCV release I conducted a 

dose response experiment with the MTP inhibitor BMS-2101038 (137). Huh7.5 cells 

were infected at MOI=1 and then changed to NCL-PPS media containing the MTP 
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inhibitor compound at 0, 5, 50, or 500nM. Release of infectious HCV measured at 48 

hours showed an approximate 2/3 decline relative to untreated cells at all concentrations 

examined (Fig 4-1A). Based on this dose curve I selected 10nM as the dose to use in a 

time course experiment to examine at what time point post infection MTP inhibition was 

affecting HCV release. Huh7.5 cells were infected at MOI=1 and then samples from 

untreated or 10nM MTP inhibitor treated cells were collected over 72 hours for titering.  

MTP resulted in an approximate 50% decline in release of infectious HCV at all time 

points indicating that effects of MTP inhibitor on HCV release were relatively constant 

and the virus was not able to overcome this blockade at late time points (Fig. 4-1B). 

Since HCV was still released even in the presence of MTP inhibitor, this suggests that 

either a potion of infectious HCV does not depend on MTP activity, or that blockade of 

HCV/VLDL release was not complete as inhibitor was not added until 3 hours after 

initial exposure of cells to HCV.  In order to address the second possibility, GL cells 

which secrete infectious HCV without the need of an infection step, were pretreated for 

16 hours with 100 or 500nM MTP inhibitor. At time 0 cells were washed with PBS and 

then fresh NCL-PPs media containing MTP inhibitor at 100 or 500 nM was added. 

Infectivity, HCV RNA release, and hepatic protein secretion were measured (Fig. 4-1 

C,E,D). 500nM MTP inhibitor was able to completely block the release of HCV 

infectivity (Fig. 4-1C), RNA (Fig. 4-1D), and VLDL release as measured by 

immunoblotting for secreted apoB (Fig. 4-1E) without affecting the release of another 

liver secreted protein, a1-antitrypsin and without affecting intracellular HCV RNA levels.  
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Figure 4-1 Microsomal triglyceride transferase activity required for efficient HCV 
release. A) Huh7.5 cells were infected at MOI=1 for 3 hours, then changed to NCL-PPS 
media containing MTP inhibitor BMS-2101038 at the indicated concentration. HCV 
release 48 hours post treatment is quantified by focus forming unit assay. B) Infectious 
particle release from Huh7.5 cells maintained in media with or without 10nM inhibitor 
following infection at MOI=1. C) GL cells were pretreated for 16 hours with MTP 
inhibitor and then changed to fresh NCL-PPS media containing inhibitor at the indicated 
concentration. Release of HCV infectious particles or D) HCV RNA is presented. E) 
Immunoblot of hepatic proteins released into the supernatant of GL cells. 
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 We reasoned that if blocking lipoprotein synthesis decreased HCV release, 

perhaps delivering excess lipid to hepatocytes by LDL or free oleate could stimulate 

VLDL production and therefore enhance HCV secretion. 2x104 Huh7.5 cells seeded in a 

chamber slide were infected at MOI=0.5 in the presence of 0, 50, 150 or 300 ug/mL LDL 

and maintained in media containing these concentrations of LDL for 48 hours and then 

stained for intracellular protein (Fig. 4-2B). Rather than enhancing HCV replication this 

treatment seemed to inhibit replication, although later experiments would show that this 

was due to an effect on entry. An alternative method for delivering lipid to hepatocytes is 

direct supplementation with oleate. Huh7.5 cells were infected at MOI=0.5 and then 

maintained in media containing 0, 100, 200, or 500ug/mL oleate for 48 hours (Fig 4-2A). 

Oleate treatment led to a significant decline in the release of HCV. While this was not the 

direction of the effect predicted, it still supports a link between alterations in lipoprotein 

metabolism and the HCV lifecycle. 



64 
 

 
 

 

Figure 4-2 Lipid modulation affects HCV lifecycle. A) Huh7.5 cells were infected at 
MOI=0.5 and then maintained in media containing the indicated amounts of oleate for 48 
hours. HCV released into the supernatant is quantitated by focus forming unit assay. B) 
Huh7.5 cells were infected at MOI=0.5 in the presence of LDL at the indicated 
concentration and maintained in media containing the indicated concentration for an 
additional 48 hours.  
 

  

β-VLDL blocks HCV infection via apoE 

 If the infectious HCV virion is a hybrid lipoviral particle which depends on the 

VLDL synthesis machinery for release, one might expect that it would contain 

components of normal lipoprotein particles and perhaps compete with these particles for 

uptake by hepatocytes. To assess the effect of exogenous lipoproteins on HCV infection 
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with putative HCV/lipoprotein particles we infected Huh7.5 cells with HCV at MOI = 0.5 

in the presence of increasing concentrations of HDL, LDL, or β-VLDL. The percentage 

of infected cells were then determined via flow cytometry assay. When added to cultures 

prior to HCV infection, β-VLDL reduced the number of infected cells by approximately 

60%. In contrast, LDL treatment of cells only moderately reduced the percentage of HCV 

infected cells, while HDL treatment had no effect on infection (Fig. 4-3A and B). HDL is 

a complex containing apolipoproteins AI-AIII that serve to bind SR-BI. β-VLDL and 

LDL particles both contain apoB and bind to the LDL-R, but β-VLDL particles also 

contain the higher affinity LDL-R ligand apoE (21).  

 

 

Figure 4-3. β-VLDL competes with apoE for HCV binding and entry. A) HCV 
supernatants from infected Huh7.5 cells were mixed with increasing concentrations of 
HDL, LDL, or β-VLDL and were incubated with Huh7.5 cells at MOI=0.5 for 90 
minutes at 37°. After washing with PBS, cells were cultured for an additional 48 hours 
and intracellular HCV protein was detected by flow cytometry. Data are presented from a 
single representative experiment (out of three total experiments). B) The percentage of 
cells infected with HCV in the presence of increasing concentrations of indicated 
lipoprotein relative to mock-treated cells as determined by flow cytometry.  The mean 
and standard deviation from 3 separate experiments are shown.  
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That β-VLDL blocked HCV infection indicates that apoE could preferentially 

compete for cell binding with HCV/lipoprotein particles.  To test this idea, we infected 

cells in the presence of increasing concentrations of goat polyclonal apoE or sheep 

polyclonal apoB antibody or nonimmune control antibodies.  The presence of apoE but 

not apoB antibodies rendered a dose-dependent block of HCV infection (Fig. 4-4).  These 

results suggest that apoE plays an important role in HCV infection.  

 

 

Figure 4-4. ApoE is an HCV entry factor. Huh7.5 cells were infected in the presence of 
increasing concentrations of α-apoE, α-apoB, or isotype control antibodies and the 
relative number of infected cells was quantified by focus forming unit assay 48 hours 
later.  
 
 

Infectious HCV particles contain apoE 

 To determine if apoE was physically associated with infectious HCV particles we 

examined protein, HCV RNA, and overall infectivity of apoE or apoB-associated virus.  

Immunocomplexes were recovered from immunoprecipitation reactions of cell culture 

supernatant from HCV-infected Huh7.5 cells using polyclonal antibodies specific for 
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apoE, apoB, or Sendai virus (unrelated virus negative control). The components of the 

unbound, supernatant fractions and the immunocomplex (pellet fractions) of each 

immunoprecipitation reaction were then examined in parallel. Anti-apoB or anti-apoE but 

not anti-Sendai virus antibodies removed the apoB or apoE containing particles from the 

supernatant fraction and were recovered in the pellet fraction (Fig. 4-5A).  Analysis of the 

relative amount of HCV RNA associated with each of these samples demonstrated an 

approximate 65% recovery of the total input HCV RNA within the anti-apoE 

immunocomplex. Small amounts HCV RNA were recovered from anti-apoB 

immunocomplexes, but only background levels of HCV RNA were present in anti-Sendai 

virus antibody immunocomplexes (Fig. 4-5B). The number of infectious HCV particles 

remaining in the supernatant after each immunoprecipitation reaction were quantified 

using a sensitive focus-forming unit assay of infected Huh7.5 cells. Supernatants from 

anti-apoE but neither anti-Sendai virus nor anti-apoB immunoprecipitation reactions 

exhibited an approximate 65% reduction in infectivity (Fig. 4-5C, bottom panel). This 

reduction paralleled the relative amount of both apoE-associated HCV RNA (Fig. 4-5B) 

and the reduction of HCV infectivity achieved when infection was carried out in the 

presence of β-VLDL or apoE antibody (Fig. 4-3, 4-4).  These results indicate that apoE is 

a component of the infectious HCV particle and forms a stable virion complex that serves 

to support or enhance virus particle infectivity. These properties of apoE are relatively 

specific for HCV, as infection with Sendai virus, another enveloped RNA virus, was 

reduced by immunoprecipitation of infectious supernatant with anti-Sendai virus 

antibodies but not by anti-apoE antibodies (Fig. 4-5C, top panel). It was somewhat 

unexpected that immunoprecipitation using anti-apoB antibodies did not result in 
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recovery of significant amounts of HCV RNA since β-VLDL particles contain both apoB 

and apoE. However this observation is consistent with results shown in Fig. 4-5A in 

which anti-apoB did not deplete apoE from virus supernatants, suggesting that within β-

VLDL particles the single apoB molecule may be relatively inaccessible to antibody.  

  

  

Figure 4-5. ApoE associates with HCV RNA and infectious HCV particles. A) 
Immunoblot analysis of immunocomplexes or residual supernatants recovered from the 
indicated immunoprecipitation reactions.  B) Supernatant from JFH1 infected cells was 
immunoprecipitated with antibody to apoB, apoE, or Sendai virus. RNA was extracted 
from the resulting pellet fractions or residual supernatant, and HCV genome copies were 
quantified by RT-qPCR. C) The number of infectious virions remaining in the 
supernatant after immunoprecipitation was determined by focus forming assay after 
infection of Huh7.5 cells (bottom panel). Similar immunoprecipitation reactions in media 
containing Sendai virus were also assessed by focus forming unit assay (top panel). P 
values were determined by Student’s t-test comparison against negative control (beads, 
no antibody). 
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LDL-R is a co-receptor for HCV 

 The presence of apoE within β-VLDL and IDL confers greater affinity for LDL-R 

binding than LDL (21), and the increased ability of β-VLDL or apoE antibody to block 

HCV infection compared to LDL or apoB antibody implicates the LDL-R as a possible 

common binding site on hepatocytes for both β-VLDL particles and infectious HCV 

virions. Since HCV infection was dependent on access to apoE binding site(s) on target 

cells, we sought to determine if LDL-R participates in the HCV-host cell interaction. We 

therefore modulated LDL-R expression using Huh7.5 cells in which LDL-R expression is 

regulated by sterol response element binding protein (SREBP) or TR3772 cells (hereafter 

referred to as LDL-R1), an Huh7.5 derived cell line from Jin Ye’s laboratory which 

stably expresses LDL-R under the control of a CMV promoter.  25-hydroxycholesterol 

(25-HC), an antagonist of the SREBP pathway, blocks the expression of the LDL-R by 

suppressing Ldl-r promoter activity within treated cells (2). We note that 25-HC 

treatment of cells also blocks the synthesis of geranylgeraniol, a prenyl lipid that is 

essential for HCV RNA replication (136;141). Thus, in order to retain HCV replication 

competence of cells all treatments with 25-HC were carried out in culture media 

supplemented with 10uM geranygeraniol, which supports HCV replication in the 

presence of high levels of 25-HC (136;141).  
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Figure 4-6. 25-hydroxycholesterol specifically inhibits LDL-R expression and 
function.  Control cells and an LDL-R overexpressing stable cell line (LDL-R1) were 
treated for 16 hours with increasing amounts of 25-HC (shown above each lane) and 
analysed for protein expression, PMCA oleate uptake, and HCV infection. NM, normal 
media. A) Immunoblot analysis of LDL-R and HCV co-receptor abundance. B) CD81 
expression was measured by flow cytometry and is presented as mean fluorescence 
relative to untreated cells. C) Uptake of PMCA oleate, a fluorescent LDL analogue, was 
measured by flow cytometry. Graphs show the fluorescence peaks of treated (black line) 
versus untreated (0µg, gray line) cells from a representative experiment. D) Mean PMCA 
oleate uptake by control and LDL-R1 cells treated with increasing 25-HC. Graph shows 
relative mean fluorescence from five separate experiments. E) Fluorescence microscopy 
of PMCA oleate (blue) uptake in Huh7.5 or LDL-R1 cells. 
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25-HC treatment resulted in a dose-dependent decrease in the expression of the 

LDL-R within control cells but not in LDL-R1 cells (Fig. 4-6A). 25-HC did not affect the 

expression levels of claudin-1, SR-BI or CD81 (Fig. 4-6A and B). To assess the 

functional impact of 25-HC treatment on ligand uptake by the LDL-R we measured the 

uptake of PMCA oleate, a fluorescent LDL analogue, in treated cells (68). Increasing 

concentrations of 25-HC had no significant effect on PMCA oleate uptake by LDL-R1 

cells, but uptake was reduced by approximately 60% in control cells (Fig. 4-6C, D, E).  

Importantly, when 25-HC-treated cells were challenged with HCV (at MOI=0.5-

1.0) we observed an approximate 60% reduction in the frequency of HCV-infected cells 

(Fig. 4-7) that mirrored the reduction in ligand binding and uptake by the LDL-R (Fig. 4-

6). The reduction in HCV infection paralleled that mediated by the β-VLDL competition 

and anti-apoE immunoprecipitation experiments (Figs. 4-3 and 4-5, respectively). The 

effect of 25-HC on HCV infection was specific for the HCV entry process, as treatment 

with up to 1μg/mL 25-HC had no effect on intracellular HCV replication and viral 

protein expression in cells harboring an HCV subgenomic replicon (Fig. 4-8).  
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Figure 4-7. Inhibition of HCV infection through suppression of LDL-R expression 
and function. A) Control cells and an LDL-R overexpressing stable cell line (LDL-R1) 
were treated for 16 hours with increasing amounts of 25-HC (shown above each lane) in 
lipoprotein deficient serum and analysed for HCV infection. B) Cells treated with 25-HC 
as above were infected with HCV at MOI=1. Graphs show the percent of HCV positive 
cells as measured by flow cytometry staining for intracellular HCV proteins. Data are 
from a representative experiment. C) The mean relative percentage of infected cells from 
five combined experiments as described in B. 
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Figure 4-8. 25-hydroxycholesterol inhibits LDL-R function but not HCV replication.  
SGR-JFH1 cells which contain a stably replicating HCV replicon but do not produce 
infectious particles were treated with 25-HC. A) PMCA oleate uptake (blue) and HCV 
protein (green) were visualized by fluorescence microscopy. B) The percentage of cells 
staining HCV positive as analysed by flow cytometry. 
 



74 
 

 
 

 In order to define the potential role of the LDL-R in cell binding and entry by 

HCV, and to compare LDL-R functions to the various HCV co-receptors, we conducted 

expression knockdown experiments using siRNA targeting the LDL-R, CD81, claudin-I 

or SR-BI.  Knockdown of each receptor target was verified by immunoblot analysis (Fig. 

4-9A) or flow cytometry assay of treated cells (Fig. 4-9B). We achieved a level of 

knockdown of CD81 or claudin-1 expression (Fig. 4-9C) that significantly reduced HCV 

infection, consistent with their known function as HCV co-receptors. Importantly, siRNA 

knockdown of LDL-R expression also reduced the frequency of infected cells and 

suppressed infection by approximately 30-40% overall in independent experiments (Figs. 

4-9D and 4-9E).  This effect was less that the 60% reduction of HCV infection that 

occurred in cells treated with β-VLDL or 25-HC (Figs. 4-3 and 4-7), likely reflecting the 

background level of HCV infection resulting from less than 100% siRNA transfection 

efficiency in the target cells. Knockdown of SR-BI expression by more than 90% (Fig. 4-

9C) did not significantly affect HCV infection in our studies. Taken together, our results 

indicate that LDL-R can function as a co-receptor for HCV infection to facilitate cell 

binding and/or entry processes through interactions with an HCV/lipoprotein virion 

complex.  
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Figure 4-9. Knockdown of LDL-R expression decreases HCV infection. Huh7.5 cells 
were treated with 0.4nM of siRNA targeting the indicated mRNAs or a negative control 
siRNA. In each case we achieved 60-80% transfection efficiency of target cells as 
measured by parallel transfection of fluorescently labeled control siRNA and 
immunofluorescence microcopy analysis of the transfected cells.  A) Immunoblot 
analysis of cells harvested three days after siRNA transfection. B) CD81 expression in 
siRNA-treated cells was measured by flow cytometry. Data are presented as mean 
fluorescence relative to non-transfected control cells. C) Reduction of targeted protein 
expression relative to negative control siRNA treated cells as measured by quanitative 
densitometry from immunoblot (LDL-R, Claudin-1, SR-BI) or mean fluorescence signal 
(CD81) D) siRNA-treated Huh7.5 cells were infected with HCV at MOI =0.5. Two days 
later the percentage of HCV-infected cells was determined by flow cytometry assay. Data 
are shown from a representative experiment. E) Combined HCV infection results from 
three separate experiments as described in C.  P values were determined by Student’s t-
test comparison against siRNA control-treated cells. 
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Characteristics of HCV infectious particles 

 In order to determine if the HCV virions that associate with apoE are the same as 

those which depend on LDL-R for virus binding and/or entry of target cells, we carried 

out density fractionation and infectivity studies of virus supernatant from HCV-infected 

cells.  Infectious cell supernatants were subject to ultracentrifugation through iodixanol 

density gradients from which fractions were collected and subjected to 

immunoprecipitation with anti-apoE or nonimmune control antibodies. We measured the 

relative level of HCV RNA present in the immunocomplex recovered from each fraction 

or that remained in the non-bound supernatant from each reaction. In parallel we 

measured the infectivity of the immunoprecipitation supernatant and input material from 

each gradient fraction. RNA analysis of the supernatant and pellet from each fraction 

demonstrated a peak of apoE-associated HCV RNA within the 1.06 g/mL fraction (Fig. 

4-10A). The HCV RNA association with apoE was specific since only nonsignificant 

levels of HCV RNA were recovered within the respective control immunocomplexes. 

(Fig. 4-10B).   
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Figure 4-10. ApoE is a component of low density infectious HCV particles. 
Supernatant from HCV-infected Huh7-5 cells was ultracentrifuged through a 5-50% 
iodixanol gradient. 1mL fractions were collected from the gradient and used in 
immunoprecipitation reactions. A) 0.5mL of each fraction was immunoprecipitated with 
apoE antibody. HCV RNA recovered within the pellet or residual supernatant of each 
fraction was determined by RT-qPCR. B) 0.5mL of each fraction immunoprecipitated 
with isotype control antibody and analysed by RT-qPCR. 
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Figure 4-11. HCV peak infectivity occurs at low density. Supernatant from HCV-
infected Huh7-5 cells was ultracentrifuged through a 5-50% iodixanol gradient. 1mL 
fractions were collected from the gradient and analysed. A) Total HCV RNA within each 
gradient fraction was quantified by RT-qPCR. B) Infectivity of gradient fractions.  
 

 

We found that the peak of total HCV RNA present within the gradient had a 

density of approximately 1.09-1.10 g/mL (Fig 4-11A), whereas the peak of infectious 

HCV particles occurred at a density of 1.06 g/mL, corresponding to the density of the 

peak apoE-associated HCV RNA (compare 4-11A with Fig4-10A). To determine if the 

1.06 g/mL apoE-associated, infectious HCV was dependent on the LDL-R for cell entry, 

we divided infectious HCV supernatant between two sets of gradients and subjected each 

to separation by ultracentrifugation. The resulting fractions were then recovered and used 

to infect Huh7.5 cells alone or cells that had been pretreated for 16 hours with 1μg/mL 

25-HC to reduce LDL-R expression. In untreated cells the peak of infectivity occurred at 

a similar density of 1.06 g/mL (Fig. 4-12A). The corresponding 1.06 g/mL peak 

recovered from the parallel gradient was significantly reduced in its infectivity when used 

to infect 25-HC treated cells, indicating that HCV virions of this density are dependent on 
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LDL-R for infection (Fig. 4-12B). Thus the HCV virions exhibiting a density of 

approximately 1.06 g/mL are associated with apoE and mediate high infectivity that is 

dependent on the LDL-R. 

 

 

Figure 4-12. LDL-R modulation blocks entry of low density infectious HCV 
particles. 1 ml each of a common HCV supernatant stock were separated by 
ultracentrifugation through 10-40% iodixanol density gradients. A) The resulting 
fractions were used to infect Huh7.5 cells that were cultured alone or B) pretreated for 16 
hours with 25-HC to suppress LDL-R expression. HCV infection of cells was quantified 
48 hrs later by focus forming unit assay. 
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Discussion 

 

 Our studies reveal that cell culture produced HCV JFH1 infectious virions contain 

apoE which allows them to productively infect hepatocytes through interactions with the 

LDL-R. These observations confirm and extend the observations of Chang, et al., who 

demonstrated that apoE antibody was able to block the entry HCV RNA from cell culture 

derived virus into Huh7.5 cells (20). Our results reveal that anti-apoE antibody blocks an 

HCV entry pathway of productive infection. We also showed that apoE antibody was 

directed against infectious particles, as infectivity was reduced following 

immunoprecipitation of particles containing apoE and HCV RNA. Although primary 

hepatocytes do not efficiently support productive infection with patient HCV isolates, it 

has been demonstrated that entry of patient derived HCV RNA depends on expression of 

LDL-R in cultured hepatocytes (95). Similarly, we observed that modulating LDL-R 

levels with 25-HC, siRNA or by LDL-R overexpression controlled productive infection 

with HCV. Collectively, these results support the idea that HCV entry contributed 

through the LDL-R pathway leads to productive virus infection as opposed to nonspecific 

uptake of lipoprotein associated virions.  

Early studies of the physical properties of HCV virions derived from patient sera 

demonstrated a lower than expected density (1.08g/mL) compared to other flaviviruses 

(93). It was subsequently determined that this low density was due to HCV association 

with ß-lipoproteins which include LDL and VLDL (128). Prince et al. found that most of 

the patient derived HCV RNA was in the VLDL fraction (111). Other studies have 

demonstrated that HCV RNA contained within the VLDL and LDL serum fractions of 
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HCV patients was able to be endocytosed by target cells and that this apparent virus entry 

activity could be blocked by anti-LDL-R and anti-apoE antibodies (3). Consistent with 

these observations, we observed that infectious HCV fractionated at a similar density 

(1.06g/mL) in vitro and importantly was associated with apoE. Furthermore, pretreatment 

of cells with the LDL-R ligands, β-VLDL (50ug/mL treatment) and to a lesser extent 

LDL (100ug/mL treatment), reduced subsequent HCV infection. These observations 

agree with other reports that pretreatment of cultured cells with  either VLDL (50-

62.5µg/mL treatment) or with LDL (125-200µg/mL treatment), but not HDL, blocked 

binding of patient-derived HCV to cultured human fibroblasts (9;37;96). Thus patient-

derived and cell culture derived HCV particles can compete with LDL and VLDL/β-

VLDL for binding to human cells. Our studies indicate that cell binding by HCV may 

more closely resemble the VLDL/IDL interaction with target cells than the LDL 

interaction inasmuch as highly infectious virus contains apoE and is most sensitive to 

competition for target cells by exogenous VLDL.  

 VLDL is produced in hepatocytes wherein lipids stored in droplets within the 

endoplasmic reticulum (ER) are transferred to a growing apoB core through the actions 

of microsomal transfer protein (MTP) (54). The growing lipoprotein particle acquires 

additional triglycerides, cholesterol, and apoE, and is secreted from the cell through the 

golgi apparatus.  HCV core protein localizes to the surface of lipid droplets and is able to 

interact with viral structural proteins assembled on the ER (94). Furthermore, 

intracellular membranes containing the HCV replicase are enriched in MTP, apoB and 

apoE (52), and inhibition of the expression or activity of either of these factors blocks the 

release of infectious HCV (20;36). Thus, the release of infectious HCV is dependent on 
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virions being packaged as a VLDL-like particle, which ultimately facilitates infection 

efficiency through LDL-R interactions of target cells expressing the full complement of 

HCV co-receptors.  

 We propose a model in which HCV is secreted from hepatocytes as a VLDL-like 

lipoviral particle (LVP) containing at least HCV core, RNA, E1, E2 apoB and apoE. In 

common with natural VLDL derived particles, the HCV LVP could bind initially to cell 

surface glycosaminoglycans, such as heparin sulfate, in a relatively non specific 

interaction mediated by either E2 or apoE as both have been shown to bind heparin 

sulfate (99;114). In terms of the LDL-R, these initial interactions with the target cells 

could permit the LVP to a specific interaction between apoE and/or apoB and the LDL-R. 

Such an interaction could depend the processing/lipid removal of the LVP by lipoprotein 

lipase, which has also been reported to be involved in HCV entry (10). By this model the 

infectious virus particle could mediate a stable interaction with the target cell that 

promotes the E2-CD81 interaction, subsequent endocytosis, pH-dependent fusion, and 

the final entry steps directed by  claudin-1 and occludin (28;109). Whereas apoE- LDL-R 

interaction is probably not essential for entry in vitro since infection was not completely 

blocked by excess β-VLDL, apoE antibody, or LDL-R knockdown, and because viral E2 

protein can interact directly with surface expressed receptors, we propose that efficient 

and perhaps natural HCV infection are supported by the LVP/LDL-R interaction on 

target cells during the initial processes of cell binding by the virus. Indeed our siRNA 

knockdown experiments confirm that both CD81 and claudin-1 function in HCV entry, 

and recent studies define human occludin as the species-specific factor that is essential 

for HCV infection (109). While we did not observe any defects in HCV entry upon 
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knockdown of the majority of SR-BI expression, it is possible that only a small amount of 

SR-B1 is required to facilitate infection or that virions containing sufficient lipid do not 

require the putative HDL enhancement/membrane modulating function of SR-BI. SR-BI 

may additionally represent an alternative pathway for entry possibly involving E2 or 

apoE binding since antibodies against SR-BI have been reported to reduce HCV cell 

entry (19;62;81).  Interestingly, a mutation in E2 has been reported which shows 

decreased dependence on SR-BI and increased dependence on CD81 for entry, indicating 

that SR-BI usage by HCV is conditional and might be modulated by viral adaptive 

mutations (39). Variations in E2 have also been reported to influence HCV genotype 

differences in SR-BI dependent entry of HCV pseudoparticles (72).   

The production of HCV as an LVP may serve as a mechanism to both enhance 

infection and escape immune detection by co-opting the host lipid delivery system. It 

may also help to explain the hepatotropism of HCV, as apolipoproteins regulate the 

recycling of lipid particles to the liver. Moreover, the nature of the HCV virion as a 

VLDL derived LVP implies that modulating lipoprotein metabolism could play a role in 

the treatment or management of HCV infection. Indeed, microsomal transfer protein and 

long chain acylCoA synthetase-3 have already been identified as enzymes required for 

efficient release of HCV from infected cells (52;140). The grapefruit flavonoid 

naringenin has also been shown to reduce HCV release from cells by interfering with 

lipid metabolism, which could possibly alter the composition of the LVP (103). Omega-3 

fatty acid supplementation alters lipid metabolism and reduces VLDL production in 

humans (14).  Together these observations suggest that therapeutic or dietary modulation 



84 
 

 
 

of specific lipid could be considered as an avenue to regulate LVP production and impart 

control of HCV infection.       
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CHAPTER 5: HCV ENGAGEMENT OF HOST INNATE IMMUNE DEFENSES 

 

Introduction 

 

 After a virion has entered a cell, it is susceptible to the innate immune defenses. 

Activation of type I interferons represent the first line of defense in the immune response 

to virus infection. Pattern recognition receptors (PRRs) including the RIG-I like receptors 

(RLRs) and Toll-like receptors (TLRs) activate downstream signaling cascades leading to 

activation of the transcription factors interferon regulatory factor-3 (IRF3) and NFκB 

which in turn lead to the production of type I interferons (α/β) and inflammatory 

cytokines. Interferon α/β is then able to signal in an autocrine and paracrine manner 

through the type I interferon receptor leading to the production of interferon stimulated 

genes (ISGs) with antiviral activities. Consequently there is a selective pressure driving 

viruses to evolve strategies for evading these defenses.  

 Studies in the Gale lab have elucidated many of the key events in innate immune 

recognition of HCV and subsequent evasion of this response by HCV. Initial studies by 

Sumpter et al. defined a human liver carcinoma cell line (Huh7.5) that showed enhanced 

permissiveness for HCV RNA replication (124).  This observation did not appear to be an 

HCV-specific enhancement to viral RNA replication, but rather a defect in innate 

immune control.  Genetic and biochemical studies traced the defect to a single amino acid 

mutation (T55I) in the N-terminal CARD domain of RIG-I.  This mutation turns RIG-I 

into a dominant-negative protein, thus abolishing its signaling.  IFN-β induction by HCV 

RNA in Huh7.5 cells could be rescued by ectopic expression of a wild-type form of RIG-
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I (124).  In order to identify the region of the HCV genome recognized by RIG-I, Saito et 

al. performed an extensive mapping study and found that RIG-I efficiently recognized an 

unstructured region within the 3’ UTR (117). Based on prior understanding of RIG-I 

recognition, which included the requirements of a 5’ triphosphate and dsRNA structure, it 

was assumed that dsRNA replication intermediates or stem-loop structures within the 5’ 

and 3’ UTR regions would contain the RIG-I ligand. However, it was discovered that the 

most potent IFN-β inducing regions corresponded to an unstructured polyU/UC-rich 

region within the 3’ UTR. Furthermore, the replication intermediate of this region 

consists of a polyA/AG sequence also activate RIG-I signaling, suggesting that poly-

adenosine and poly-uridine regions are substrates of RIG-I. The RIG-I-dependency of the 

HCV PAMP RNA was confirmed through studies which showed loss of signaling when 

the RNA was transfected into RIG-I -/- cells. On the other hand, no effect on the potency 

of the HCV PAMP RNA to trigger IFNβ induction was observed in MDA5-/-, MyD88-/-, 

and TRIF-/-  cells, demonstrating that MDA5 and TLR signaling were not required for 

triggering type I IFN in response to the HCV PAMP RNA (117). Additionally, In Huh7 

derived cell lines the TLR3 pathway is defective, suggesting that any innate immune 

reponse observed in these cells would be TLR3 independent (110). These studies 

highlight the importance of RIG-I in HCV RNA detection leading to IFN-β signaling. 

However, HCV also encodes mechanisms to block IFN-β signaling. 

 Studies by Foy et al. revealed the ability of HCV NS3/4A to disrupt induction of 

type I interferon. Ectopic expression of NS3/4A could block Sendai virus induced 

phosphorylation, dimerization and nuclear translocation of IRF-3 (32). This blockade was 

dependent on the protease activity of NS3/4A and could be reversed by treatment of cells 
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with a pharmacological inhibitor of the protease function of NS3/4A or by mutating the 

active site within the NS3/4A protease domain (32). Subsequently, it was shown that 

NS3/4A acted downstream of RIG-I as IFN-β induction was blocked by co-expression of 

NS3/4A with a constitutively active form of RIG-I (N-RIG) (31).  NS3/4A was found to 

act upstream of the IRF-3 activating kinases TBK1 and IKKε, as the activity of these 

signaling molecules were not affected by co-expression with NS3/4A (18). When IPS-1 

was identified as the adaptor molecule bridging RIG-I to these downstream signaling 

components, it was also found to be the target of NS3/4A-mediated blockade.   

 While these studies provided compelling evidence for RIG-I dependent initiation 

of innate immunity to HCV and subsequent evasion of these pathways by HCV NS3/4A 

protease, the outcome of these opposing detection and evasion activities in the context of 

live virus infection as well as the existence/importance of alternative signaling pathways 

stimulated by HCV infection remained unexplored. Such studies are the focus of this 

chapter. 
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Results 

 

HCV infection induces an antiviral response 

 In order to determine the kinetics of HCV activation of the innate immune 

response,  Huh7 cells seeded in chamber slides were infected with HCV at MOI=0.5 and 

fixed for immunofluorescence analysis at 12 hour intervals. IRF3 localization was 

examined as a marker of innate immune activation with redistribution of IRF3 from a 

cytoplasmic localization to a nuclear localization indicating activation. HCV infected 

cells with nuclear IRF3 could be detected by 36 hours post infection (Fig. 5-1). In Huh7.5 

cells no nuclear IRF3 was observed at times points up to 48 hours.  

One of the target genes downstream of IFN stimulation is the transcription factor 

IRF7. Upon activation/phosphorylation, IRF7 translocates to the nucleus where it drives 

expression of IFN-α species, thereby facilitating an IFN amplification loop. In order to 

determine if HCV infection was capable of activating IRF7, Huh7 or Huh7.5 cells were 

transfected with HA-tagged constructs expressing IRF7. These cells were fixed at 12 

hour intervals post infection with HCV at MOI=1 and examined for IRF7 localization by 

immunofluorescence. Nuclear IRF7 could be detected in the Huh7 cells but not the 

Huh7.5 cells by 36 hours post infection. This suggests that HCV infection is capable of 

phosphorylating IRF7 and supporting an interferon amplification loop that may be RIG-I 

dependent.   
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Figure 5-1. HCV infection activates IRF3. Huh7 cells infected with HCV at MOI=0.5 
show nuclear IRF3 localization by 36hrs post infection. 
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These results provide evidence for HCV mediated activation of innate immune 

response, but do not address the efficacy of this response against HCV. In order to 

determine if HCV products were capable of stimulating a response with antiviral activity 

against HCV, I tested the interferon/antiviral activity released into the supernatant of cells 

transfected with HCV PAMP RNA. Huh 7 cells were transfected with the HCV PAMP 

RNA (PUC), an HCV derived negative control RNA (X region), or a host negative 

control RNA (tRNA). Serial dilutions of condition media (supernatants) from these cells 

were prepared by diluting sample in fresh media. An IFN-β control was similarly 

prepared by serial dilution in normal media. Antiviral activity of these preparations was 

assessed by looking at their ability to block HCV infection in a pretreatment experiment 

or inhibit HCV RNA replication in a post-treatment experiment (Fig. 5-2).  In the 

pretreatment experiment Huh7.5 cells were treated with dilutions of the conditioned 

media or IFN-β for 12 hours, washed with PBS, infected with HCV in a 48 well plate at 

150 FFU/ well, and then incubated in normal media for an additional 48 hours when the 

number of infected foci was quantified. Similar to the IFN-β positive control, conditioned 

media from HCV PAMP (PUC) treated cells was able to completely prevent HCV 

infection, while conditioned media from HCV X region or tRNA treated cells had no 

effect on infection. In the post-treatment experiment Huh7.5 cells were infected at 

MOI=1. 24 hours post infection these cells were treated with the conditioned media or 

IFN-β for an additional 24 hours and relative HCV RNA levels were quantified by RT-

PCR. Both IFN-β and PUC treated cells showed a 75% decline in HCV RNA levels 

while there was no effect on HCV levels in the negative control treated cells. These data 
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indicate that recognition of the HCV PAMP can lead to at least a partially effective 

antiviral response against HCV in infected and neighboring cells. 

 

 

Figure 5-2. Antiviral activity in supernatant of HCV RNA treated cells. Human IFN-
ß or supernatant collected from Huh7 cells 24 hours post transfection with tRNA, PUC, 
or X RNA was diluted in DMEM and A) added to naïve Huh7.5 cells 12 hours prior to 
infection to assess effect on HCV entry, or B) 24 hours post infection to asses effect on 
relative HCV RNA present 48 hours post infection.  
   

 

RIG-I is a key mediator of HCV control 

Prior work with the replicon system suggested that RIG-I may be an important 

mediator of the innate response to HCV. In order to test the ability of RIG-I to control 

initial infection, Huh7 (wildtype RIG-I ) or Huh7.5 (RIG-I mutant) cell lines were 

infected with HCV and their relative permissiveness was measured over a time course of 

infection. A one step growth curve experiment was carried out by infecting Huh7 or 

Huh7.5 cells with HCV at MOI=2 and then measuring the titer of HCV released into the 
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supernatant over time (Fig. 3A). Virus was detectable in the supernatant of Huh7.5 cells 

at an earlier time point post infection (24 hours) compared to Huh7 (36 hours) and at 

higher titers during the first 36 hours of infection. However, by 72 hours post infection 

the amount of virus present in the supernatant of both lines had equalized.  

To visually assess RIG-I mediated control of HCV, Huh7 and Huh7.5 cells were 

seeded on glass slides and infected at MOI=1. Slides were fixed and stained for 

intracellular HCV protein every 12 hours post infection for 2 days (Fig. 5-3B). Consistent 

with the growth curve experiment, HCV infected cells were readily detectable by 24 

hours in Huh7.5 cells. HCV positive cells were also detectable in the Huh7 line by 24 

hours, although the percentage of HCV positive cells lagged behind the Huh7.5 line. By 

48 hours almost all cells were infected in both lines suggesting that RIG-I dependent 

control of HCV is most pronounced in the early hours of infection. However RIG-I may 

continue to play a role in suppressing virus replication levels at later time points since the 

intensity of protein staining was diminished in Huh7 cells at 48 hours despite similar 

numbers of cells being infected.  
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Figure 5-3. RIG-I controls early HCV infection.  A) Huh7 or Huh7.5 (RIG-I deficient) 
cells were infected at MOI=2 and supernatant was collected for titer at the indicated time 
points. B) Huh7 or Huh7.5 cells were infected at MOI=1 and fixed for intracellular HCV 
staining every 12 hours.  
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HCV cleaves IPS-1 to disrupt innate immunity 

 In 2005 several groups reported on a signaling molecule linking RIG-I to 

downstream IRF3 activation. While all groups identified the same protein, it was given a 

unique name by each group and called IPS-1, MAVS, VISA, or Cardif. This molecule 

was also independently identified in the Gale lab and initially termed Signaling 

Transducer to Interferon (STI). I will use each group’s terminology here to describe their 

findings, but refer to the protein as IPS-1 elsewhere throughout this work after the 

nomenclature of the first accepted paper.  Kawai et al. showed that overexpression of 

IPS-1 led to ISG expression through activation of IRF3, IRF7, and NF-κB. They further 

showed that IPS-1 contained a CARD domain which mediated binding to RIG-I and 

MDA5, and that knockdown of IPS-1 reduced type 1 interferon response to viral 

infection (66). Seth et al. confirmed these findings and showed that MAVS contained a 

transmembrane region targeting it to the mitochondria. They also showed that MAVS 

functions downstream of RIG-I and upstream of TBK-1 (120). Xu et al. again showed 

that overexpression of VISA activates IFN-β and NF-κB, and that knockdown blocks 

virus-induced signaling. They showed that VISA forms a complex with RIG-I and IRF3, 

and mapped sites of VISA interactions with TRIF and TRAF6 (139). Meylan et al. 

confirmed these findings for Cardif, and additionally showed that the protein could be 

cleaved by the HCV NS3/4A protease at position 508 (91). Before I joined the Gale lab, 

studies by Ming Loo and Cindy Johnson had similarly established that expression of 

HCV NS3/4A from a transfected plasmid or by an HCV replicon could cleave IPS-1 at 

amino acid position 508, resulting in a faster migrating form detectable by western blot. 

In collaboration with Ming Loo I carried out studies to determine at what time during the 
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course of HCV infection IPS-1 was cleaved, and what effects this cleavage may have on 

the HCV lifecycle.  

 Huh7 cells were mock infected or infected with HCV at MOI=2 and then lysates 

were collected for immunoblot anaylysis at 6, 12, 24, and 48 hours post infection. The 

faster migrating cleaved form of IPS-1 could be detected at 48 hours post infection 

coincident with detection of HCV NS3 (Fig.5-4A). In a parallel series of 

immunofluorescence experiments, the 48 hour time point associated with IPS-1 cleavage 

correlated with the loss of detectable nuclear IRF3. These observations are consistent 

with an NS3/4A mediated blockade of IPS-1 dependent signaling to the IRF3 innate 

immune program. Despite using a high MOI to ensure that all cells were infected, 

quantification of activated cells showed a maximum of 15% nuclear positive cells which 

was observed at the 36 hour time point. This suggests that IRF3 activation is either a very 

transient phenomenon or that in many cells HCV is able to cleave IPS-1 and block IRF3 

activation even before there are sufficient levels of HCV RNA to trigger RIG-I dependent 

signaling. Results from an interferon bioassay experiment favor the latter hypothesis.  

 



97 
 

 

 

Figure 5-4. HCV cleaves IPS-1 to block innate immune signaling. A) Huh7 cells were 
mock treated or infected with HCV at MOI=2. Cell lysates were collected at the indicated 
time points and analysed by immunoblot.(FL, full length, C, cleaved) (Infection 
experiment by David Owen, immunoblot by Ming Loo) B) Huh7 cells were infected with 
HCV at MOI=2 or Sendai virus (control). Slides were fixed and IRF-3 and HCV proteins 
detected by immunofluorescence. The percentage of cells with nuclear IRF-3 localization 
based on counting multiple fields is presented above each time point. (Infection 
experiment by David Owen, immunostain and microscopy by Ming Loo) 
 

 

 Although HCV PAMP RNA transfection leads to the secretion of interferon 

activity into the media (Fig. 5-2), similar experiments using supernatant from HCV 

infected cells did not show significant antiviral activity. Huh7 or Huh7.5 cells were 

infected with HCV at MOI=1 and then conditioned media was collected at 1, 2, 3, or 4 

days post infection for measurement of interferon activity by VSV bioassay (described in 
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methods).  None of the samples showed interferon activity greater than the assay’s limit 

of detection of 1-2 U/mL. IFN-β expression was also below the limit of detection in HCV 

infected Huh7 or Huh7.5 cells as measured by luciferase assay or RT-PCR. This suggests 

that despite initial low levels of HCV-triggered IRF3 activation and the differences 

observed in Huh7 and Huh7.5 infection kinetics, HCV is able to very efficiently evade 

this pathway via IPS-1 cleavage.  

 If HCV cleavage of IPS-1 by NS3/4A is the major factor blocking an innate 

immune response, then preventing NS3/4A cleavage with a specific protease inhibitor 

would be expected to restore innate immune signaling. To test this hypothesis I infected 

Huh7 cells with HCV at MOI=1. At 48 hours post infection cells were washed and then 

incubated with fresh media containing the HCV NS3/4A protease inhibitor ITMN-C. 

Cells were collected at 0, 24, 36, or 48 hours post treatment and analysed by immunoblot 

(Fig 5-5C). ITMN-C treatment resulted in an accumulation of full length IPS-1 protein by 

24 hours post treatment and induction of interferon stimulated gene-56 (ISG-56), 

suggesting restoration of the IPS-1 dependent innate immune response. IPS-1 integrity 

and ISG-56 expression were similarly restored in the genotype 1b K2040 replicon cell 

line upon treatment with ITMN-C (Fig. 5-5A and B). In both cases treatment was 

associated with a decline in the levels of HCV protein. Thus therapy with NS3/4A 

protease inhibitors may have a dual efficacy in inducing an innate immune response in 

addition to the direct effects on polyprotein processing.  
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Figure 5-5. NS3/4A protease inhibitor restores innate immune response. Huh7 cells 
containing the JFH1 replicon (A and B) or  Huh7 cells  48hs post HCV infection at 
MOI=1 (C) were treated with 20uM ITMN-C for an additional 0, 12, 24, 36 or 48 hours. 
Western blot analysis shows a decline in HCV protein levels associated with protection 
of IPS-1 from cleavage and induction of ISG-56 expression.   
 

 

HCV induces RIG-I independent innate immunity 

 In addition to characterizing HCV infection with respect to the known pathways 

predicted to be important in innate immune response, we wanted to explore the global 

response to HCV infection using a microarray approach. In particular we were interested 

in identifying potential RIG-I independent pathways of HCV detection. Towards this end 

we included analysis of Huh7.5 cells alongside Huh7. These cells were infected in 

triplicate at MOI=2. RNA was extracted at 4, 12, 24, 36, and 72 hours post infection and 

analysed by microarray in collaboration with the Katze lab at the University of 

Washington.  
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 269 genes were identified which were statistically significantly regulated at least 

2 fold up or down in at least one of the time points in at least one of the cell lines (Fig 5-

6A and Appendix A). Overall, more genes were regulated by HCV infection in Huh7.5 

cells than in Huh7 (Fig. 5-6B). Number of genes regulated correlated with HCV RNA 

copy number (compare Fig. 5-6B and 5-6C). This may indicate a host program of gene 

expression activated in response to detection of higher levels of HCV RNA by a pattern 

recognition receptor (PRR). Alternatively, elevated HCV RNA may just be a surrogate 

marker for generally higher levels of HCV replication, protein, and associated virus 

perturbation of host metabolism. Interestingly in the Huh7.5 cells at late time points (36 

hours and later) post infection, genes that are member of an ISG bioset were upregulated. 

When infection was extended to 96 or 120 hours in a follow-up experiment, these genes 

were even more strongly induced (Fig. 5-6D). This suggests the existence of pathways 

leading to a RIG-I independent interferon response to HCV infection. The interferon 

species (if any) leading to the induction of these interferon stimulating genes is unknown. 

However a type 3 interferon, IFN-λ3 (IL-28B) was upregulated at 36 hours along with a 

component of the type 3 interferon receptor (IL28RA). Several inflammatory cytokines 

were also induced, particularly at 3 days and later post infection (Fig. 5-6D, right panel).  



101 
 

 

 



102 
 

 

Figure 5-6. HCV stimulates a RIG-I independent host response. Huh7 or Huh7.5 cells 
were infected in triplicate with HCV at MOI=2. At the indicated time points post 
infection RNA was extracted for microarray analysis. A) Cluster analysis of genes that 
were at least 2 fold upregulated or downregulated in at least 1 sample condition. B) Total 
number of differentially regulated genes as described above for each sample condition. 
C) HCV genome copies per ng of cellular RNA as determined by RT-qPCR. D) 
Expression profiles of selected immune-associated genes in Huh7.5 (RIG-I deficient) 
cells. (Infection experiment by David Owen, microarray and gene analysis by Kathie 
Walters) 
 

To determine the relevance of the interferon lambda finding I made interferon 

lambda promoter luciferase constructs for IFN-λ1 and IFN-λ3 in which the 2kb region 

immediately upstream of the translation start site was cloned into the PGL3 Basic 

luciferase plasmid backbone. In preliminary experiments to characterize these constructs 

I found that Sendai virus infection readily activates IFN-λ1 in a RIG-I dependent manner. 

Sendai virus infection or constitutively active IRF3 (IRF3-5D) did not induce IFN-λ3 

promoter activity, but it could be induced by cotransfection with a constitutively active 

form of IRF7, IRF7-2D. When IFN-λ promoter luciferase activity was examined at 24 or 

48 hours post HCV infection, no induction of either the IFN-λ1 or IFN-λ3 promoter was 

observed. Efforts to detect IFN-L expression by RT-PCR were also unsuccessful. Thus I 

was unable to confirm a role for interferon lambda signaling in response to HCV 

infection. It should also be noted that IFN-β was not among the genes at least 2 fold 

regulated, even in Huh7 cells at early time points. This again underscores the efficient 

evasion of IFN-β activation by HCV.  

 Many of the inflammatory cytokines upregulated in the microarray contain NFkB 

binding sites in their promoters. In order to look for evidence of NFkB activation during 

the course of infection, Huh7 or Huh7.5 cells were infected with HCV at MOI=2. Cell 

lysates were collected at late time points on days 2, 3, and 4 post infection and analysed 
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by immunoblot (Fig. 5-7A). As expected there were higher levels of HCV protein present 

in the RIG-I deficient Huh7.5 cells. Huh7.5 cells also showed the loss of inhibitor of 

NFκB  (IκBa) consistent with activation of NFκB signaling. Differences between mock 

and infected Huh7 cells were less pronounced, but there also appeared to be a reduction 

in IκBa levels. No ISG-56 was detected suggesting that the IFN-β pathway remained 

blocked and that any NFκB activation was occurring independently of the IFN inducing 

pathway. Direct evidence of NFκB activation was also sought by looking directly for the 

presence of the NFκB p65 subunit in the nucleus of infected cells. Huh7 or Huh7.5 cells 

were seeded on chamber slides and infected with HCV at MOI=1 or treated with 

10ug/mL TNF-α as a positive control to activate NFκB. Nuclear p65 staining was 

observed at 48 hours and later in both infected Huh7 and Huh7.5 cells (Fig. 5-7B and C). 

The presence of nuclear p65 in Huh7.5 cells which lack RIG-I and in Huh7 at times post 

IPS-1 cleravage argues for the existence of a RIG-I/IPS-1 independent pathway of NFκB 

activation and subsequent inflammatory cytokine production.  
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Figure 5-7. HCV activates NfKb. A) Huh7 or Huh7.5 cells were infected with HCV at 
MOI=2. Cell lysates were collected 2, 3, or 4 days post infection and analysed by 
immunoblot for NFκB activation (loss of IκBα) or interferon activation (ISG56). B) (next 
page) Huh7 or C) Huh7.5 cells were treated with 10ng/mL TNF-α or infected with HCV 
at MOI=2 and stained for intracellular HCV protein (green) or NFκB p65 (red). 
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Discussion 
 

These data show that HCV is capable of inducing RIG-I dependent activation of 

an innate immune response mediated through IRF3 and/or IRF7 leading to the production 

of interferon species with anti-HCV antiviral activity. This response is transient however 

as cleavage of IPS-1 during HCV infection occurs between 24 and 48 hours post 

infection leading to a loss of IRF3 signaling and a blockade of the innate immune 

response. These tissue culture observations are likely to reflect what occurs during human 

disease as cleavage of IPS-1 has also been observed in liver tissues from chronically 

infected patients (79). Prior studies to define the minimal components of NS3/4A 

required for the blockade found that a single-chain protease, consisting of the NS3 

protease domain covalently linked to NS4A, was sufficient for IPS-1 cleavage (58). 

Interestingly, the closest relative to HCV, GB virus B, also mediates cleavage of IPS-1 by 

NS3/4A (22).  As HCV and GB viruses cause persistent infection in humans, this 

suggests the importance of disrupting IPS-1 signaling through viral protease actions in 

establishing a persistent viral infection. Indeed we observed that treatment with an 

NS3/4A protease inhibitor led to a restoration of ISG induction which correlated with a 

decline in HCV protein levels. 

In addition to cleavage of IPS-1, HCV has been suggested to evade type I IFN 

induction through a variety of alternative strategies.  NS3/4A has been shown to cleave 

the TLR3 adaptor molecule TRIF, thus blocking TLR3 dependent signaling, though this 

has not yet been demonstrated in vivo (75). Others have shown that HCV NS3, NS3/4A, 

NS4B, and NS5A inhibit MyD88-depedent TLR signaling in a murine macrophage cell 

line (1).  This study found that NS5A directly binds MyD88 and inhibits the recruitment 
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of interleukin-1 receptor-associated kinase 1 (IRAK1) to MyD88, thus blocking MyD88-

dependent signaling.  The NS5A-MyD88 interaction was found to be mediated by the 

interferon sensitivity-determining region (ISDR) located between amino acids 204 to 280 

within NS5A, as demonstrated by studies in which expression of a mutant NS5A lacking 

this region partially restored Myd88-dependenet signaling (1).  HCV is also able to 

antagonize type I IFN signaling by inducing the expression of a negative regulator of 

JAK/STAT signaling. Expression of the HCV core protein in the human hepatocellular 

liver carcinoma cell line, HepG2, induced the expression of suppressor of cytokine 

signaling (SOCS)-3 (16).  SOCS-3 expression has been observed in liver biopsies of 

HCV-infected patients undergoing IFN therapy (135).  While SOCS3 inhibits cytokine 

signaling by preventing the activation of STAT proteins, the mechanism by which HCV 

core induces SOCS-3 expression has yet to be determined.  In addition to the HCV core 

induction of SOCS-3 expression, HCV NS5A has been shown to disrupt the function of 

the IFN-inducible gene PKR (34). The study found that amino acids 2209 to 2274 of 

HCV genotype 1b NS5A directly binds to PKR and inhibits dimerization, thus disrupting 

PKR activity. These mechanisms of immune evasion are outlined in Figure 5-8. 

While HCV is quite effective at blocking pathways leading to type 1 IFN 

production, our microarray studies show that alternative signaling pathways exist leading 

to the activation of NFκB and the expression of inflammatory cytokines. The identity of 

the upstream sensor(s) leading to this activation remain unclear. Also unresolved is the 

nature of the stimulus- whether a specific virus PAMP, or an altered cellular state arising 

from uncontrolled virus replication. An interesting target for future investigation in this 

area is the NOD-like receptor (NLR) family of proteins.  The original family members 
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NOD1 and NOD2 were identified as activators of NFκB signaling in response to bacterial 

PAMPs. Other family members form caspase-1 activating complexes termed 

inflammasomes. The  NLRP3 inflammasome has been shown to play a role in the innate 

immune response to influenza infection (6;55;127) as well as a variety of other cell stress 

or “danger”  stimuli (reviewed in (15)). Only a few of the 23 family members have been 

characterized. It would be interesting to construct vectors expressing these proteins and 

screen for their ability to enhance NFκB signaling in response to HCV.  There is also 

evidence for crosstalk between the RLR and NLR pathways as NLRX1 has been shown 

to interact with IPS-1 although reports conflict as to whether it acts as a positive or 

negative regulator of innate immunity (97;126). 
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Figure 5-8. Model of HCV interaction with innate immune system. In order to evade 
activation of ISGs in response to detection of virus products, HCV employs a number of 
strategies including 1)NS3/4A cleavage of IPS-1 2)NS3/4A cleavage of TRIF 3) NS5A 
interference with MyD88 and 4) HCV core induced SOCS-3 expression. This blockade 
results in accumulation of virus products and/or changes in cell physiology that activate 
NFκB and inflammatory pathways. 
 



 

110 
 

CHAPTER 6: TOWARDS THERAPY 

  

These studies demonstrate some of the ways that HCV subverts host cell 

physiology and signaling pathways to initiate and maintain infection early in the virus 

lifecycle. In addition to the knowledge gained about the biology of HCV infection, these 

observations suggest potential areas for therapeutic development.  

I have shown that assembly of HCV virions within the liver is linked to VLDL 

production and that this association facilitates binding/entry through an interaction 

between apoE on the virion and the LDL-R on hepatocytes. Thus HCV takes advantage 

of a host receptor –ligand interaction to support infection. With this understanding one 

could envision different approaches for disrupting this interaction. One option would be 

to block apoE-LDL-R interaction directly with molecules that inhibit LDL-R expression 

or function, however such an approach would lead to side effects of increased serum 

cholesterol and risk for cardiovascular disease. Another approach would be to block 

VLDL production, such as with an MTP inhibitor. Indeed we showed that this blocked 

release of infectious HCV. Such a strategy may be useful as part of a short course of 

combined therapy, however in clinical trials of MTP inhibitors for use as cholesterol 

lowering agents, patients developed hepatic steatosis within a few months of initiating 

therapy. A related idea is dietary modification to alter VLDL production, such as 

consuming more omega-3 fatty acids which have been shown to reduce VLDL 

production.  It would be interesting to conduct a retrospective study of HCV patients 

already taking these supplements to see if this idea has merit. A final approach least 

likely to interfere with host metabolism would be to try to uncouple HCV from the 
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VLDL synthesis machinery within the hepatocyte, perhaps by identifying and targeting 

regions within core or NS5A that facilitate lipoprotein association. 

I have also shown that HCV NS3/4A mediates a very efficient blockade of the 

innate immune response by cleaving IPS-1. In many cells this may occur even before 

there are significant levels of HCV RNA present to stimulate RIG-I. However HCV RNA 

in infected cells remains a potent potential activator of innate immunity as demonstrated 

by the induction of ISGs when IPS-1 signaling is restored with NS3/4A protease inhibitor 

treatment. One implication of this observation is that NS3/4A protease inhibitors can 

have dual efficacy as innate immune agonists in addition to their direct effect on 

disrupting polyprotein processing. These compounds are already in clinical trials and may 

soon be approved as combination therapy with interferon and ribavirin. Another way to 

take advantage of the PAMPs present during HCV infection would be to try to find 

agonists of RIG-I signaling that would bridge activated RIG-I molecules to downstream 

signaling components independently of IPS-1. This is an area of ongoing interest in the 

Gale lab. 

Finally, I have shown that hepatocytes can mount a RIG-I independent response 

to HCV infection which involves NFκB activation leading to ISG and inflammatory 

cytokine production. It is unclear whether this response serves a protective antiviral role 

in HCV infection or if it is a mediator of inappropriate chronic inflammation leading to 

liver injury. It is likely a combination of both. Studies of the role of NLR family members 

in HCV infection and their potential crosstalk with RLR and TLR signaling pathways 

may help clarify this response and suggests ways to enhance the antiviral response while 

dampening the chronic inflammatory response. 
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APPENDIX A: 269 Genes regulated by HCV infection. 

 

Genes at least 2 fold up (grey) or down (white) in at least 1 time point condition as 

detected by microarray 

Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

26 serine protease 0.76 2.90 1.35 1.85 4.70 1.04 0.73 1.27 7.39 0.45
acheron 0.94 0.99 0.93 1.00 1.12 1.23 1.00 1.02 0.98 3.37
activating transcription 
factor 3 0.78 1.07 0.91 1.10 3.79 0.99 1.05 1.06 1.11 7.16
ADP-ribosylation factor 3 1.04 1.04 1.05 1.06 1.44 0.87 0.89 1.03 1.00 0.48
adult retina protein 1.58 0.91 0.85 0.99 0.83 1.03 1.05 0.93 0.90 2.28
albumin 1.44 1.03 1.03 1.23 1.50 2.56 1.34 1.39 1.31 0.36
alpha-fetoprotein 1.03 0.41 1.40 0.37 1.39 1.37 1.24 1.00 1.37 0.55
amphiregulin 
(schwannoma-derived 
growth factor) 0.93 1.17 1.05 1.06 1.72 0.95 1.06 1.07 1.26 7.61
angiomotin like 2 0.81 1.01 1.08 0.99 1.22 0.94 1.03 0.97 1.05 2.14
angiotensin II receptor-
like 1 1.09 0.98 1.21 1.51 2.47 0.83 0.85 1.15 2.49 0.52
ankyrin repeat domain 1 
(cardiac muscle) 0.89 1.10 1.11 1.06 1.41 0.93 1.08 1.07 1.43 6.66
ankyrin repeat domain 11 1.19 0.76 1.16 1.20 2.95 1.11 1.01 0.98 0.78 2.23
arsenic (+3 oxidation 
state) methyltransferase 0.58 0.96 1.22 1.04 0.90 1.10 0.92 1.55 2.22 1.26
arylsulfatase F 1.17 1.45 1.33 1.47 1.48 0.41 1.13 0.97 1.17 0.66
asparagine synthetase 1.01 1.02 1.01 0.99 1.12 0.95 1.00 1.03 1.17 2.58
atonal homolog 1 
(Drosophila) 1.21 3.29 0.61 1.13 0.65 0.12 0.43 0.48 0.82 0.42
ATPase, Ca++ 
transporting, plasma 
membrane 3 0.66 2.23 0.71 0.66 1.98 0.44 0.63 0.94 1.19 0.60
B double prime 1, subunit 
of RNA polymerase III 
transcription initiation 
factor IIIB 1.17 0.97 1.01 1.07 1.51 0.87 0.91 0.86 0.86 2.07
BarH-like homeobox 1 1.18 0.90 0.94 1.17 0.90 1.16 1.00 1.02 1.02 0.29
BCL2 binding component 
3 0.36 1.00 1.00 1.00 1.63 1.00 1.00 1.00 1.00 0.36
BCL2 binding component 
3 0.84 1.03 1.02 0.92 1.72 0.86 1.14 1.01 1.17 3.41
Bcl2 modifying factor 1.32 0.96 0.92 0.87 1.05 1.19 0.96 0.94 1.18 2.04
BCL2/adenovirus E1B 
19kDa interacting protein 
3-like 0.97 1.05 1.07 0.87 0.92 0.99 1.03 0.97 1.02 2.36
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

bone gamma-
carboxyglutamate (gla) 
protein (osteocalcin) 0.81 0.80 0.98 0.95 1.27 0.89 0.94 1.02 1.01 0.48
bone morphogenetic 
protein 2 0.81 0.99 1.03 1.07 1.15 0.93 1.02 0.86 0.95 2.37
brain expressed, X-linked 
1 1.03 1.24 1.05 0.52 1.93 0.98 1.04 0.99 1.06 2.66
cadherin-like 26 1.32 1.67 3.28 2.18 4.29 2.03 1.96 2.03 3.61 1.00
calcium binding protein 5 0.76 1.91 0.76 0.77 2.67 0.72 0.93 1.27 2.78 0.39
calcium/calmodulin-
dependent protein kinase 
(CaM kinase) II beta 1.34 0.95 0.59 1.14 1.55 1.02 0.52 1.12 4.64 0.50
calpain 6 0.84 1.29 1.58 1.04 1.02 0.28 0.99 0.91 0.91 1.03
CaM-KII inhibitory protein 1.40 1.14 1.26 1.24 1.38 0.49 1.33 1.40 1.41 0.70
cAMP responsive element 
binding protein 5 0.87 0.98 0.96 0.92 0.86 0.89 1.08 1.01 1.04 2.49
cancer/testis antigen 3 0.89 1.00 0.50 0.85 0.94 1.10 0.96 6.92 1.29 0.84
CD160 antigen 0.33 0.56 1.14 0.91 0.71 0.93 1.44 1.91 3.25 0.98
centaurin, beta 5 0.95 1.18 1.00 1.02 0.84 0.76 1.06 1.10 1.01 0.45
chemokine (C-X-C motif) 
ligand 2 1.03 1.03 0.83 0.79 1.41 1.08 1.22 1.01 1.09 4.24
chemokine (C-X-C motif) 
ligand 3 0.93 1.20 1.58 0.90 5.02 1.07 1.09 1.03 1.17 2.83
chromogranin A 
(parathyroid secretory 
protein 1) 1.31 0.68 1.07 1.27 1.24 1.24 1.04 1.05 1.01 0.32
chromosome 10 open 
reading frame 83 1.80 0.39 1.00 1.00 1.00 1.18 1.00 0.94 8.14 1.41
chromosome 11 open 
reading frame 11 0.83 1.00 1.23 0.91 1.22 1.27 1.07 0.94 1.04 2.51
chromosome 13 open 
reading frame 18 0.83 0.76 0.96 1.80 1.25 1.16 0.94 1.30 2.21 1.15
chromosome 21 open 
reading frame 100 1.00 1.24 1.00 1.00 1.00 1.00 1.00 0.81 4.87 1.00
chromosome 7 open 
reading frame 33 0.56 1.00 0.57 4.92 0.82 0.65 0.59 2.15 6.89 0.78
chromosome 7 open 
reading frame 6 0.33 0.62 1.49 0.96 0.38 0.69 0.94 0.96 1.69 0.05
cofactor required for Sp1 
transcriptional activation, 
subunit 9, 33kDa 1.06 1.04 0.94 1.00 0.45 1.05 1.01 1.01 1.02 1.43
complement component 
(3b/4b) receptor 1, 
including Knops blood 
group system 

10.0
1 0.31 0.31 0.58 0.01 0.96 1.24 1.08 0.80

11.7
5

cone-rod homeobox 1.08 0.41 0.63 1.53 0.79 1.20 0.72 1.53 2.74 0.90
core promoter element 
binding protein 0.95 1.00 0.96 1.03 1.56 0.96 1.05 1.02 1.11 2.58
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

corticotropin releasing 
hormone binding protein 0.45 1.35 0.67 1.00 1.26 1.00 0.73 2.23 2.53 1.26
cyclin G2 1.32 1.06 0.87 0.87 0.94 1.15 1.02 0.96 1.04 2.09
cyclin M1 1.11 1.17 0.91 1.04 0.94 1.10 0.97 1.01 0.84 0.39
cystathionase 
(cystathionine gamma-
lyase) 0.93 1.01 1.02 1.01 1.06 1.02 1.06 0.98 1.04 2.11
cysteine-rich secretory 
protein 3 2.21 1.25 1.21 7.67 0.01 1.00 1.00 1.00 1.00 1.00
cysteine-rich, angiogenic 
inducer, 61 0.92 1.07 0.89 0.97 1.34 0.86 0.88 1.02 1.13 2.10
dermcidin 0.89 1.30 1.02 1.23 0.98 0.95 0.89 1.06 2.23 0.82
discs, large homolog 3 
(neuroendocrine-dlg, 
Drosophila) 0.60 2.05 1.76 1.00 2.60 0.97 0.82 1.50 8.16 1.00
distal-less homeo box 5 1.80 1.00 0.46 0.95 0.45 1.00 1.00 2.49 9.76 0.77
DKFZP572C163 protein 0.97 0.18 1.22 0.69 2.90 1.13 1.33 1.23 4.26 0.69
DNA-damage-inducible 
transcript 4 0.89 1.07 1.10 0.88 1.06 0.94 1.00 1.00 1.28 2.50
DnaJ (Hsp40) homolog, 
subfamily C, member 3 1.03 1.11 0.99 1.08 1.21 0.83 0.93 1.01 0.97 2.00
dual specificity 
phosphatase 1 0.81 1.06 0.89 0.84 1.89 0.92 1.19 1.02 1.05 3.38
dual specificity 
phosphatase 8 0.72 1.04 0.98 1.17 1.18 0.81 0.95 1.07 1.07 2.47
dynein, cytoplasmic, light 
intermediate polypeptide 
2 0.97 1.14 0.96 1.07 1.09 0.89 1.02 0.96 0.94 2.24
dynein, cytoplasmic, light 
intermediate polypeptide 
2 0.97 1.19 0.91 1.01 0.98 0.91 0.99 0.97 0.89 2.39
E74-like factor 4 (ets 
domain transcription 
factor) 1.19 0.96 0.63 1.32 1.32 1.22 1.29 1.53 2.75 0.96
early growth response 1 0.70 0.82 0.62 0.70 0.66 0.94 2.56 0.95 1.03 2.03
echinoderm microtubule 
associated protein like 4 0.98 1.05 1.05 0.92 1.12 1.01 1.07 1.02 0.95 2.14
elastin (supravalvular 
aortic stenosis, Williams-
Beuren syndrome) 1.17 1.22 2.10 0.75 0.00 1.41 1.08 1.01 0.89 1.23
endothelin 1 0.80 1.31 1.07 0.99 1.24 0.83 1.10 1.04 1.31 2.24
EphA3 0.98 0.77 0.62 0.74 0.03 0.91 0.74 2.41 3.62 0.70
epoxide hydrolase 1, 
microsomal (xenobiotic) 1.10 1.05 1.01 1.01 1.57 0.75 1.00 1.07 0.84 0.34
epsin 3 0.76 0.94 1.04 1.97 0.49 0.72 1.16 3.09 2.99 1.33
Fer3-like (Drosophila) 0.84 1.10 0.79 1.77 1.42 0.42 1.17 0.94 1.02 0.74
ferritin, heavy polypeptide 
1 1.00 1.00 1.00 2.82 1.57 2.70 1.01 1.45 1.43 0.31
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

FGFR1 oncogene partner 
2 1.02 1.08 1.23 0.87 0.45 1.07 1.09 1.02 1.02 1.39
fibroblast growth factor 21 0.58 0.53 0.91 1.12 1.41 0.87 0.93 1.38 2.59 1.47
filamin C, gamma (actin 
binding protein 280) 1.02 0.91 1.06 1.07 1.34 0.88 0.92 1.11 0.97 2.61
FLJ10378 protein 1.15 1.36 0.81 0.91 0.04 1.19 1.03 0.97 0.96 1.37

FLJ16046 protein 1.17 0.57 1.33 0.41 0.10 2.36 0.98 1.08 1.02
26.6

9
forkhead box O3A 0.93 0.95 1.10 1.13 1.06 0.95 1.05 1.03 1.07 2.64
fucosyltransferase 1 
(galactoside 2-alpha-L-
fucosyltransferase) 1.17 0.89 0.75 0.79 1.74 0.87 1.07 1.03 1.01 2.82
glioma-associated 
oncogene homolog (zinc 
finger protein) 1.40 1.60 1.63 0.82 1.22 1.14 1.07 0.93 1.04 3.07
glutamate receptor, 
ionotropic, kainate 4 0.73 2.01 8.28 0.74 0.01 1.23 0.92 0.93 1.21 1.19
GREB1 protein 0.98 0.93 3.08 0.83 0.65 1.03 1.06 0.98 0.85 1.28
growth arrest and DNA-
damage-inducible, 
gamma 1.22 0.99 1.09 1.20 1.76 0.88 1.05 1.17 2.17 0.77
growth differentiation 
factor 1 1.03 1.00 0.83 1.35 4.03 0.77 1.15 1.15 1.21 0.60
growth differentiation 
factor 15 1.08 1.11 1.00 0.88 1.35 0.87 1.11 1.07 1.39 4.13
growth differentiation 
factor 9 0.61 0.66 0.51 2.42 0.57 1.03 0.63 1.14 8.10 0.58
GRP1 (general receptor 
for phosphoinositides 1)-
associated scaffold 
protein 0.69 1.23 0.70 0.80 2.14 0.79 1.06 1.01 0.87 0.87
GrpE-like 2, mitochondrial 
(E. coli) 0.94 1.13 1.20 0.90 0.42 1.10 1.10 0.96 1.18 1.11
guanylate cyclase 2D, 
membrane (retina-
specific) 0.72 0.73 0.74 0.88 1.02 0.96 1.00 1.52 2.17 1.27
H63 breast cancer 
expressed gene 0.20 0.43 1.92 1.34 0.02 1.54 0.73 0.77 0.97 1.87
homeo box B1 1.52 1.50 0.79 0.91 2.23 0.62 0.86 1.14 2.69 0.81
Homo sapiens cDNA 
FLJ11827 fis, clone 
HEMBA1006502. 1.00 1.11 1.16 3.66 0.33 0.68 0.69 5.98 5.70 1.07
Homo sapiens mRNA for 
small proline rich protein 
like protein, complete cds. 1.05 1.44 1.16 0.87 0.42 1.12 0.99 0.96 1.06 0.98
Homo sapiens POU 
domain, class 4, 
transcription factor 3 
(POU4F3), mRNA 0.58 1.46 1.78 1.77 1.20 0.24 0.64 0.85 1.26 0.67
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

Homo sapiens 
ribonuclease, RNase A 
family, 8 (RNASE8), 
mRNA 1.01 0.57 1.39 1.05 0.76 0.92 0.91 2.57 2.19 1.11
Homo sapiens similar to 
Olfactory receptor 10Z1 
(LOC128368), mRNA; 
PREDICTED: Homo 
sapiens olfactory 
receptor, family 10, 
subfamily Z, member 1 
(OR10Z1), mRNA 0.69 0.93 1.20 1.39 1.15 0.46 1.15 1.02 1.03 0.80
Homo sapiens testis-
specific transcript, Y-
linked 9 (TTTY9) on 
chromosome Y 0.18 0.16 1.15 1.00 1.75 1.00 1.00 5.96 8.23 1.00
Homo sapiens TIGA1 
(TIGA1), mRNA 1.03 1.18 1.00 0.99 0.94 1.01 1.06 1.00 1.11 2.19
homocysteine-inducible, 
endoplasmic reticulum 
stress-inducible, ubiquitin-
like domain member 1 0.93 0.97 0.98 1.08 0.99 1.00 1.06 1.08 1.09 2.16
homolog of mouse LGP1 1.00 1.20 0.80 0.99 1.55 0.95 0.92 0.97 0.92 0.45
HpaII tiny  fragments 
locus 9C 1.05 0.93 1.08 1.04 0.95 1.11 1.02 1.03 1.11 2.21
HSPC065 protein 1.01 0.97 0.99 1.08 1.14 1.05 1.03 1.08 0.98 0.44
hydroxy-delta-5-steroid 
dehydrogenase, 3 beta- 
and steroid delta-
isomerase 1 0.88 0.71 1.50 1.32 1.03 0.86 1.29 1.87 3.19 0.84
hydroxysteroid (17-beta) 
dehydrogenase 3 0.68 0.63 0.91 1.18 0.70 1.14 0.73 1.72 2.35 1.24
hypothetical protein 
BC000919 0.86 2.25 0.97 1.03 0.72 1.15 1.03 0.95 1.00 0.85
hypothetical protein 
BC002926 0.89 1.13 1.17 1.08 1.58 0.70 0.85 1.08 1.11 0.39
hypothetical protein 
BC012317 0.97 1.10 0.91 0.97 7.45 1.40 0.99 0.98 1.06 5.66
hypothetical protein 
BC017397 0.98 1.60 0.25 0.38 0.01 2.64 0.76 0.98 0.71 1.02
hypothetical protein 
DKFZp434K1172 0.19 0.33 0.54 0.41 0.70 0.83 0.94 2.53 

12.4
4 1.00

hypothetical protein 
FLJ10134 1.06 1.17 1.06 0.90 0.34 0.98 1.07 1.09 1.13 1.11
hypothetical protein 
FLJ10159 1.12 0.99 0.88 0.97 0.95 0.94 0.92 1.01 0.90 2.28
hypothetical protein 
FLJ10618 0.81 1.09 1.01 1.00 0.91 0.86 1.05 0.95 0.97 2.33
hypothetical protein 
FLJ11004 2.43 1.12 1.19 1.24 0.62 0.90 1.00 1.05 1.22 0.12
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

hypothetical protein 
FLJ20152 1.13 1.09 0.98 0.77 0.60 0.82 0.99 0.94 1.02 2.05
hypothetical protein 
FLJ20203 0.96 1.04 1.03 0.97 1.07 1.02 1.10 1.01 1.05 2.01
hypothetical protein 
FLJ21069 1.13 1.03 0.84 1.01 0.65 1.22 1.09 1.06 0.85 2.26
hypothetical protein 
FLJ23749 0.68 0.85 1.96 1.41 0.01 0.85 0.96 0.80 1.02 1.31
hypothetical protein 
FLJ25955 0.31 0.25 0.66 0.89 1.01 0.93 1.29 2.08 5.75 1.04
hypothetical protein 
FLJ32803 0.85 1.14 0.93 1.02 1.24 0.83 0.84 0.16 1.09 0.95
hypothetical protein 
FLJ32844 0.96 1.32 1.41 3.25 0.15 1.27 0.79 0.76 1.43

21.5
1

hypothetical protein 
FLJ34790 1.00 0.53 1.58 1.08 1.34 1.12 0.58 3.19 5.21 0.73
hypothetical protein 
FLJ35036 1.01 0.97 0.92 0.88 0.77 1.06 1.16 0.95 1.07 2.19
hypothetical protein 
FLJ35821 1.00 0.26 0.66 0.88 0.93 1.00 1.31 2.83 4.47 1.00
hypothetical protein 
FLJ38377 2.38 1.77 1.04 0.87 0.02 2.34 0.85 1.40 0.63 0.68
hypothetical protein 
FLJ39370 1.24 0.84 0.93 0.87 0.60 1.48 0.91 0.90 1.05 2.30
hypothetical protein 
LOC257106 1.12 0.56 0.84 1.09 2.12 0.57 0.61 1.72 3.27 0.89
hypothetical protein 
LOC283849 0.70 0.80 0.62 1.28 1.09 0.95 1.15 1.08 1.00 0.42
hypothetical protein 
LOC339903 1.00 9.47 1.50 1.10 1.51 0.99 1.13 1.03 1.04 1.47
hypothetical protein 
MGC20460 0.66 0.63 0.96 1.46 0.90 1.02 1.01 1.50 4.61 1.86
hypothetical protein 
MGC22776 1.33 0.68 0.70 0.86 0.45 0.62 1.00 4.96 5.87 1.35
hypothetical protein 
MGC29898 1.01 1.28 3.14 0.55 0.01 1.19 0.93 1.04 0.68 2.35
hypothetical protein 
MGC35023 0.66 0.60 0.97 0.85 1.10 0.83 0.68 1.82 2.68 0.69
Hypothetical protein 
similar to topoisomerase 
(DNA) III beta (H. 
sapiens) (LOC129020), 
mRNA 1.02 1.06 1.46 0.93 2.58 0.59 0.83 1.37 7.03 1.00
immune costimulatory 
protein B7-H4 0.24 0.50 1.06 0.74 0.44 0.79 0.86 1.93 3.40 1.06
insulin-like growth factor 2 
receptor 1.04 1.12 1.12 1.07 1.08 0.96 1.10 1.03 0.86 2.35
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

interferon regulatory 
factor 2 binding protein 2 0.79 0.98 1.04 0.89 1.01 0.95 1.10 0.92 1.04 2.13
interferon, alpha 10 1.33 0.74 0.53 0.82 0.64 1.59 1.30 0.91 1.39 3.44
interleukin 17B 0.84 3.26 1.23 1.17 1.03 0.90 0.97 1.13 1.23 1.02
interleukin 28B 
(interferon, lambda 3) 0.94 0.88 1.49 1.42 0.85 0.58 0.54 1.91 3.61 1.73
jub, ajuba homolog 
(Xenopus laevis) 0.86 0.99 1.00 1.13 1.29 0.95 0.92 0.98 1.06 2.15
jumonji domain containing 
2A 1.06 0.97 1.10 1.05 1.13 0.82 1.04 0.95 0.98 2.06
KIAA0355 0.59 1.21 1.13 1.43 1.41 0.48 0.78 0.89 1.05 0.97
KIAA0963 0.88 0.99 1.13 0.93 3.03 0.74 1.09 1.12 1.12 0.65
KIAA1110 protein 0.44 1.39 0.93 0.88 1.38 1.43 1.32 1.49 2.59 1.10
KIAA1984 1.13 0.93 1.43 1.07 0.87 1.13 0.82 2.81 1.08 0.98
latent transforming growth 
factor beta binding protein 
1 1.01 1.05 1.15 0.77 0.85 1.16 0.93 0.87 1.08 2.67
lectin, galactoside-
binding, soluble, 1 
(galectin 1) 0.92 0.86 0.74 1.03 2.40 1.08 1.00 1.06 0.92 0.68
LIM homeobox 
transcription factor 1, beta 0.82 1.07 0.78 1.18 0.78 1.20 1.10 1.10 1.82 0.48
Lutheran blood group 
(Auberger b antigen 
included) 1.38 0.70 1.33 1.30 1.46 0.41 2.63 1.39 1.42 0.63
MAD2 mitotic arrest 
deficient-like 1 (yeast) 0.91 1.14 1.11 0.93 0.94 1.01 1.07 1.01 1.10 2.24
major histocompatibility 
complex, class II, DQ 
beta 1 0.77 0.70 0.75 0.97 1.02 0.88 1.08 1.27 2.22 1.30
makorin, ring finger 
protein, 3 1.07 1.05 1.05 0.94 0.44 1.11 1.01 0.99 1.00 1.13
membrane protein, 
palmitoylated 2 (MAGUK 
p55 subfamily member 2) 0.35 0.75 0.67 1.33 1.29 0.50 0.87 1.57 3.40 0.75
metallothionein-like 5, 
testis-specific (tesmin) 1.00 1.00 1.00 1.00 1.00 1.26 1.05 1.05 0.92 2.01
methionine-tRNA 
synthetase 1.05 1.14 0.95 0.92 1.32 1.14 1.03 1.03 1.17 2.57
methylene 
tetrahydrofolate 
dehydrogenase (NAD+ 
dependent), 
methenyltetrahydrofolate 
cyclohydrolase 0.95 1.09 0.98 1.15 1.03 0.96 1.08 1.06 1.11 2.79
mitogen-activated protein 
kinase kinase kinase 10 1.50 0.94 0.83 1.33 1.43 0.42 2.86 1.43 0.73 0.65
motile sperm domain 
containing 1 1.01 1.10 1.06 0.94 0.89 1.05 1.05 0.99 0.98 2.38
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

myeloid/lymphoid or 
mixed-lineage leukemia 
(trithorax homolog, 
Drosophila); translocated 
to, 3 1.40 0.43 2.87 1.00 1.63 0.40 1.36 1.37 1.35 0.48
Nanog homeobox 0.94 0.55 0.32 0.83 0.37 1.01 0.88 0.94 0.90 1.08
neutrophil cytosolic factor 
2 (65kDa, chronic 
granulomatous disease, 
autosomal 2) 0.95 1.07 1.01 0.91 1.62 1.15 1.14 0.95 1.25 3.27
nidogen (enactin) 1.04 0.97 1.16 0.98 1.19 0.87 0.95 0.91 0.84 0.46
nitric oxide synthase 
trafficking 1.10 1.11 0.97 1.10 1.19 0.91 0.90 1.05 0.96 2.53
NK2 transcription factor 
related, locus 8 
(Drosophila) 2.31 0.26 0.75 1.13 0.01 0.98 1.15 0.97 1.02 0.91
nuclear factor of kappa 
light polypeptide gene 
enhancer in B-cells 
inhibitor, epsilon 0.85 1.13 0.85 1.09 1.37 0.98 0.98 1.07 1.00 2.36
nucleosome assembly 
protein 1-like 5 0.27 6.88 0.67 1.00 1.00 1.37 1.00 1.09 0.91 1.21
Orphan sodium- and 
chloride-dependent 
neurotransmitter 
transporter NTT4 
(Fragment). 
[Source:SWISSPROT;Ac
c:Q9H1V8] 1.06 0.94 0.98 1.05 0.96 1.05 1.02 0.99 1.01 0.49
ovarian zinc finger protein 0.74 0.95 1.15 1.09 1.22 0.75 0.72 2.44 2.18 0.80
p53-regulated apoptosis-
inducing protein 1 0.75 0.85 1.38 0.86 0.01 1.33 1.12 1.13 1.39 1.00
period homolog 2 
(Drosophila) 0.81 1.02 1.09 0.97 1.04 0.90 1.03 0.97 1.06 2.07
phenylethanolamine N-
methyltransferase 1.09 0.93 1.13 0.86 1.48 0.96 1.59 2.08 4.52 0.69
phosphodiesterase 6H, 
cGMP-specific, cone, 
gamma 0.87 0.41 0.72 1.20 1.23 1.06 1.05 0.17 1.11 1.34
phosphoenolpyruvate 
carboxykinase 2 
(mitochondrial) 0.96 1.10 0.99 0.96 1.07 0.98 1.04 0.98 1.00 2.00
phospholipase C, beta 2 0.38 4.14 0.91 2.55 0.24 0.81 0.45 1.19 4.16 1.10
phospholipase C, beta 3 
(phosphatidylinositol-
specific) 0.50 0.67 0.94 0.95 0.99 1.00 0.93 1.05 2.72 0.78
phospholipid scramblase 
1 1.00 1.06 1.04 1.01 0.46 1.06 0.99 0.97 0.99 1.04
PI-3-kinase-related kinase 
SMG-1 1.02 0.92 0.93 1.07 0.81 0.66 0.95 0.81 0.78 2.73
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

platelet-derived growth 
factor receptor, beta 
polypeptide 1.22 1.04 0.51 6.64 0.01 1.30 1.02 0.92 0.99 2.77
pleckstrin and Sec7 
domain containing 2 0.50 0.57 1.16 0.91 0.97 0.96 1.11 1.53 2.34 4.33
pleckstrin homology-like 
domain, family A, member 
1 0.90 1.14 1.16 1.10 1.27 0.92 1.19 1.06 1.08 2.93
polymerase (DNA 
directed) iota 0.81 0.86 1.01 0.87 0.76 1.17 0.99 0.98 0.86 2.26
polymerase (DNA 
directed) kappa 1.00 0.98 0.93 1.13 1.22 1.01 0.94 0.95 0.85 2.73
potassium channel 
tetramerisation domain 
containing 13 0.32 0.73 0.79 1.03 0.76 0.71 0.92 2.89 0.89 0.79
potassium voltage-gated 
channel, shaker-related 
subfamily, member 5 1.21 1.84 1.70 0.73 0.01 1.48 0.97 0.95 1.05 1.24
procollagen-proline, 2-
oxoglutarate 4-
dioxygenase (proline 4-
hydroxylase), alpha 
polypeptide III 0.93 0.82 1.15 0.81 1.62 1.02 1.11 1.05 2.04 1.46

proenkephalin 0.81 1.33 1.58 0.94 0.02 1.30 1.34 0.87 0.91
25.0

8
pro-melanin-concentrating 
hormone-like 1 0.53 0.70 1.50 0.41 0.40 0.79 0.99 1.08 3.41 1.05
protein kinase, AMP-
activated, beta 2 non-
catalytic subunit 0.98 1.33 1.33 1.06 1.39 0.92 1.31 0.97 0.99 2.30
protein kinase, lysine 
deficient 2 0.63 9.96 0.73 2.16 1.24 1.02 0.93 2.10 0.95 0.64
protein phosphatase 1, 
regulatory (inhibitor) 
subunit 3B 0.74 0.71 2.92 0.70 1.63 2.51 2.42 1.38 1.33 0.40
protein phosphatase 1, 
regulatory (inhibitor) 
subunit 3C 1.01 1.09 1.02 1.04 0.31 1.30 0.94 0.99 1.00 1.00
protein phosphatase 1, 
regulatory (inhibitor) 
subunit 9A 0.95 1.09 1.11 0.97 1.19 0.84 1.06 0.95 0.90 2.36
protein tyrosine 
phosphatase type IVA, 
member 1 0.86 1.05 1.14 0.97 1.15 0.95 1.11 1.02 1.20 2.22
putative lymphocyte 
G0/G1 switch gene 1.00 1.98 0.95 1.31 1.90 1.06 0.82 0.99 1.05 2.10
putative NFkB activating 
protein 1.00 0.34 1.00 2.79 1.66 2.73 2.50 1.49 3.13 0.35
putative NFkB activating 
protein 0.78 0.96 1.10 1.02 2.58 1.05 1.00 1.10 0.95 0.63
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

PX domain containing 
serine/threonine kinase 0.96 1.06 1.18 1.05 0.79 1.63 0.93 0.91 0.94 2.97
RAB25, member RAS 
oncogene family 0.26 0.39 1.04 1.75 1.31 0.36 0.76 1.32 5.90 0.96
retinitis pigmentosa 
GTPase regulator 
interacting protein 1 1.82 0.36 1.27 1.01 0.84 1.01 1.03 1.52 2.53 1.03
Rho guanine nucleotide 
exchange factor (GEF) 4 1.41 0.83 0.69 0.93 0.01 1.03 1.07 0.94 1.17 0.93
ribosomal protein S6 
kinase, 70kDa, 
polypeptide 2 1.02 0.85 0.86 1.05 2.05 0.90 0.70 1.07 0.87 0.86
ribosomal protein, large, 
P1 1.38 1.03 1.06 1.39 1.73 1.00 1.00 3.16 3.41 0.31
ring finger protein 19 1.06 1.12 0.98 1.02 1.13 0.79 1.05 1.01 0.81 2.84
SEC14-like 3 (S. 
cerevisiae) 0.66 0.90 0.69 1.43 1.78 0.86 1.53 1.78 2.85 1.00
serine/threonine kinase 
31 7.28 1.14 3.37 0.38 0.01 2.48 1.09 1.08 0.96

12.2
6

sestrin 2 0.97 1.08 0.93 1.05 1.48 1.05 0.97 1.09 1.18 3.34
SH3 domain protein D19 0.89 1.11 0.97 0.98 1.00 1.00 1.12 1.02 1.03 2.08
similar to hypothetical 
protein FLJ13659 1.28 1.07

56.1
6 0.44 0.14 1.60 1.06 1.06 0.81 5.81

similar to lymphocyte 
antigen 6 complex, locus 
G5B; G5b protein; open 
reading frame 31 1.37 0.77 1.01 1.05 1.15 0.80 0.92 1.54 2.62 2.03
similar to Taxol resistant 
associated protein 3 
(TRAG-3) 0.87 0.69 1.17 0.87 2.09 1.17 0.87 0.78 0.84 0.47
SMAD, mothers against 
DPP homolog 5 
(Drosophila) 1.08 1.13 1.09 0.95 0.75 1.02 1.09 1.02 1.00 2.15
Snf7 homologue 
associated with Alix 3 1.04 1.00 0.95 0.78 1.03 1.06 0.99 0.98 0.94 2.61
solute carrier family 22 
(organic cation 
transporter), member 15 0.97 0.98 0.97 0.87 0.80 0.96 1.05 0.95 1.03 2.46
solute carrier family 26 
(sulfate transporter), 
member 2 0.75 0.77 0.77 0.80 0.77 1.14 0.82 2.02 4.11 2.54
solute carrier family 7 
(cationic amino acid 
transporter, y+ system), 
member 8 0.90 0.83 1.53 0.99 0.91 1.35 1.13 0.83 2.37

11.1
5

solute carrier family 9 
(sodium/hydrogen 
exchanger), isoform 9 0.47 0.53 1.03 1.12 1.14 1.14 3.06 1.42 3.28 1.18
solute carrier organic 
anion transporter family, 2.04 1.65 2.37 0.24 0.01 1.06 1.07 0.98 1.12 2.38
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

member 3A1 

syntaxin 3A 1.04 1.09 1.10 0.92 1.07 0.95 1.09 1.04 1.12 2.01
syntaxin binding protein 2 1.05 1.17 0.90 1.08 1.48 0.86 1.03 1.06 0.98 0.39
target of myb1-like 2 
(chicken) 2.09 1.00 0.85 1.67 2.48 0.67 0.75 1.13 6.64 0.27
taste receptor, type 2, 
member 14 0.70 1.59 1.13 1.93 1.05 0.92 0.81 1.00 2.22 0.72
TBC1 domain family, 
member 5 0.26 0.76 1.87 0.93 0.02 0.97 0.96 0.81 1.34 2.13
thrombospondin, type I, 
domain containing 1 0.97 0.77 1.03 0.90 1.27 1.27 1.11 0.98 1.04 2.20
thyrotropin-releasing 
hormone receptor 0.64 0.79 0.83 1.05 0.50 1.17 1.04 0.95 2.02 1.63
tissue factor pathway 
inhibitor 2 0.84 0.75 1.24 1.11 3.54 1.12 1.00 1.06 1.02 2.27
transcription elongation 
factor B polypeptide 3B 
(elongin A2) 1.75 1.00 1.30 1.38 1.00 0.74 0.83 3.02 9.61 0.09
tribbles homolog 3 
(Drosophila) 0.92 1.10 1.05 1.01 1.33 0.88 1.02 1.01 1.16 3.28
trinucleotide repeat 
containing 9 0.95 1.18 0.96 0.97 1.21 0.76 0.94 0.99 0.96 0.45
tumor protein p53 binding 
protein, 2 0.84 1.05 1.08 1.07 1.04 0.98 1.09 0.97 0.90 2.09
tumor protein p73 1.30 1.63 0.75 0.84 0.68 0.91 1.32 1.42 2.25 1.62
UDP-N-
acetylglucosamine:a-1,3-
D-mannoside beta-1,4-N-
acetylglucosaminyltransfe
rase IV 0.17 1.79 0.53 2.17 1.08 0.84 0.95 1.20 3.42 1.13
unc-5 homolog B (C. 
elegans) 1.16 1.17 1.87 1.25 1.16 1.01 1.08 1.25 1.10 3.65
uncoupling protein 2 
(mitochondrial, proton 
carrier) 0.95 1.11 0.97 1.07 1.37 0.89 0.91 1.08 1.05 0.49
Unknown 0.54 0.67 0.73 0.91 1.11 0.93 0.91 1.18 2.82 1.14
Unknown 1.64 0.61 1.34 1.39 1.00 1.00 1.15 2.00 3.30 0.61
Unknown 1.05 0.91 1.03 1.17 0.42 1.16 0.97 1.12 2.06 0.87
Unknown 1.42 0.59 1.04 0.33 0.09 0.76 0.93 2.73 3.85 0.63
Unknown 1.00 0.23 1.44 0.76 7.33 1.13 1.72 1.00 9.13 0.65
Unknown 0.56 1.13 1.56 1.81 1.57 0.86 0.78 1.17 2.53 0.92
Unknown 1.94 1.17 1.33 1.31 0.12 0.85 0.95 0.79 3.78 0.69
Unknown 1.19 1.27 1.33 1.56 1.06 0.77 0.96 0.99 2.22 0.98
Unknown 1.00 1.07 0.93 1.04 0.67 1.03 1.75 3.33 0.90 0.79
Unknown 2.52 0.64 1.28 1.20 1.60 1.01 1.34 0.80 1.01 0.19
Unknown 1.18 1.03 1.00 0.95 1.59 2.53 1.02 1.45 1.45 0.35
Unknown 0.41 3.96 0.71 1.05 0.24 0.14 1.35 0.89 0.96 0.67
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Sequence Description 
7-
4hr 

7-
12hr 

7-
24hr 

7-
36hr 

7-
72hr 

7.5-
4hr 

7.5-
12hr 

7.5-
24hr 

7.5-
36hr 

7.5-
72hr 

Unknown 0.46 0.94 0.89 0.66 1.43 0.86 0.82 1.49 0.70 0.57
Unknown 0.55 6.71 2.54 0.76 2.82 0.50 1.14 1.39 1.05 0.56
Unknown 0.87 1.11 0.97 1.08 1.29 0.95 1.06 0.95 0.86 2.16
Unknown 1.02 0.80 0.92 1.53 0.86 0.79 0.84 1.17 0.97 2.36
Unknown 1.16 1.14 0.96 0.89 0.32 1.08 1.00 0.98 1.00 1.00
Unknown 1.31 1.52 1.38 1.19 0.01 1.05 1.02 0.96 1.06 1.06
Unknown 1.05 1.39 0.65 1.05 0.02 1.12 1.06 1.01 1.07 3.30
Unknown 1.07 1.56 0.43 0.18 0.02 2.62 0.89 1.22 0.95 5.34
Unknown 1.15 1.20 0.89 0.86 0.34 1.32 1.03 1.01 0.95 1.06
vav 3 oncogene 1.13 1.11 1.13 0.86 0.31 1.40 1.14 0.96 0.94 0.95
vesicle-associated 
membrane protein 2 
(synaptobrevin 2) 1.00 0.96 0.99 1.23 0.88 1.07 1.05 1.03 1.05 0.44
v-jun sarcoma virus 17 
oncogene homolog 
(avian) 0.95 0.96 0.84 1.08 1.28 0.89 1.02 0.87 0.83 3.58
v-Ki-ras2 Kirsten rat 
sarcoma 2 viral oncogene 
homolog 0.97 1.36 1.07 1.14 0.90 0.77 1.20 1.03 1.10 2.40
v-rel reticuloendotheliosis 
viral oncogene homolog 
B, nuclear factor of kappa 
light polypeptide gene 
enhancer in B-cells 3 
(avian) 0.90 1.12 0.99 0.97 1.52 0.94 1.01 1.05 1.13 2.21
zinc finger motif enhancer 
binding protein 2 0.97 1.20 1.19 1.03 1.45 0.96 1.23 1.02 1.13 2.15
zinc finger protein 131 
(clone pHZ-10) 0.98 0.97 0.99 1.06 1.09 1.02 0.98 1.00 0.84 2.01
zinc finger protein 165 1.41 1.31 0.85 1.11 1.64 1.16 0.90 0.98 1.05 2.40
zinc finger protein 19 
(KOX 12) 1.04 0.95 1.15 1.04 0.88 1.01 0.95 1.03 1.17 0.49
zinc finger protein 31 
(KOX 29) 1.01 0.93 0.91 0.85 0.94 1.47 1.19 1.08 1.36 2.29
zinc finger protein 319 0.95 1.07 1.06 1.07 1.11 1.03 1.14 0.98 0.94 2.03
zinc finger protein 41 0.50 0.63 0.96 1.60 1.36 0.84 0.89 2.97 0.93 1.10
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