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According to the third National Health and Nutrition examination Survey (NHANES), the projected incidence of hepatitis C virus (HCV) infection in the United States is 3.9 million individuals in 2002 [5]. These data were collected during the years 1988 to 1994; doubtless the incidence of HCV infection, and quite possibly the prevalence as well, both acute and chronic, has grown over the past decade. Acute hepatitis C is often asymptomatic, and an individual can continue to engage in activities that will spread the disease unaware of his role as a carrier [5]. Despite a high occurrence, of infection, many questions still remain unanswered about how HCV infects host organisms; even more questions revolve around how the virion binds and enters the host cell. Several receptors have been suggested as the vector for internalization of the virus particle: the Low Density Lipoprotein receptor (LDLr) has proven to be an exceptional candidate among a field of likely entrant vectors. Yet questions still remain, despite ongoing research into the receptors role. Continued insight into its role could garner uncommon treatment options for infected individuals in the future.

A Brief Description of HCV:

Hepatitis C virus is a small, enveloped, positive-stranded RNA virus from the flaviviridae family, and the only virus from the hepacivirus genus. There are six major genotypes, denoted 1 to 6, and a multitude of subtypes in each genotype, delineated by a letter after the genotype number (e.g. 1b or 2a); there is even more subtype heterogeneity. This variety in the virion genome occurs from the lack of proofreading mechanisms by the viral RNA polymerase in the transcription and translation of the genome [4]. 
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Fig. 1: Diagram of the hepatitis C Virus genomic structure. A polyprotein is produced from translation, which is then cleaved by host signal peptidases and Non-Structural Viral Proteins [4]. 

The genome of HCV (Figure 1) is 9.6 kilobases long, encoding three structural proteins (C, E1 and E2) and several nonstructural proteins (NS2 through NS5), with smaller polypeptides as well. It is translated as one polyprotein, and then cleaved by HCV proteases (NS2 and NS3) and host signal peptidases. Currently, the nonstructural proteins have been targeted as potential antiviral targets; by preventing RNA replication, polyprotein processing, and other processes controlled by these NS proteins, it is hoped that the disease can be limited in its transmission and chronicity [4]. 

Envelope Glycoproteins E1 and E2:


The two envelope glycoproteins, E1 and E2, have been the primary focus of LDL and LDLr binding and affinity. Due to a lack of a viable cell culture system and an observed tendency of the envelope proteins to incorrectly fold spontaneously or as a result of mutation, complete knowledge of the structure and function of these proteins remains incomplete, but some details are known [11]. 

[image: image2.png]e

4

o

Ns2



Fig. 2: The N-terminal end of the HCV polyprotein. Arrows mark points of host signal peptidase cleavage [11]. 

After translation of the viral polyprotein, the two envelope proteins are cleaved by host signal peptidases from the remainder of the polyprotein; the glycoproteins have been found to be integral membrane proteins. Both E1 and E2 contain large N-terminal ectodomains and C-terminal hydrophobic regions; the C terminal hydrophobic regions have been determined to be the transmembrane domain—the anchor of the protein in the membrane—and the site of the signal sequence for endoplasmic reticulum (ER) localization (See Fig. 2) [11]. The N-terminal hydrophilic ectodomains of the E1 and E2 proteins are localized to the endoplasmic reticulum (ER) lumen during polyprotein synthesis; there they are N-glycosylated, and then undergo vesicle transport to the cell membrane. In the virion particle, these proteins form noncovalent heterodimers [11]. Different viral strains show variation in protein sequence of the E1 and E2 glycoproteins, especially in the N-terminal end of E2; the 30 amino acids that accumulate the greatest number of mutations has been termed the hypervariable region 1 (HVR1). This region seems to be under severe pressure to mutate from the immune system, based on studies that have found numerous patients with antibodies directed against this region of the E2 glycoprotein [1].

Low Density Lipoprotein and its Receptor:


Because lipids are insoluble in water-based plasma, hydrophobic compounds such as cholesterol and triglycerides must be transported upon lipoproteins in the circulatory system to reach various target tissues. Lipoprotein contains both esterified and non-esterified cholesterol, triglycerides and phospholipids bound to a protein, known as an apolipoprotein or apoprotein [12]. Five classes of lipoprotein, each with a different function, have been characterized: chylomicrons carry dietary lipid, very low-density lipoprotein (VLDL) transports endogenous triglycerides, intermediate-density lipoprotein (IDL) transports esterified cholesterol and triglycerides, and low-density lipoprotein (LDL) and high-density lipoprotein (HDL) both transport cholesterol esters. Each class of lipoprotein has a different set of associated apolipoproteins [12]. Several of these lipid-binding proteins also bind the LDLr: apolipoprotein B-100 (apoB-100) and apolipoprotein E (apoE) both are ligands for the LDLr. ApoE is also polymorphic, with three alleles characterized (apoE2-4), each with different binding affinities for the LDLr and different associations for disease states such as coronary artery disease (apoE4) [12]. 
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Fig. 3: Schematic of Low Density Lipoprotein. ApoB-100 binds both LDL and HDL to the LDL receptor. (Figure courtesy of www.medtech1.com/companies/ photos/genz_diag_ldl.jpg)


Low-density lipoprotein contains at base cholesterol esters, smaller amounts of triglyceride, and apoB-100—the ligand for the LDLr (alternately known as the apoB/E receptor) (See Fig. 3). Both hepatic and non-hepatic tissue can take up LDL; hepatic cells use LDL to synthesize bile salts, so the liver readily internalizes serum LDL [12]. Uptake is regulated by a negative feedback system based on cellular need; less LDLr will be found on the surface of a cell with high cytoplasmic LDL concentration due to internalization of the receptor and downregulation of LDLr gene expression [12]. 


The LDLr gene family is comprised of seven core members; all are cell surface proteins, but each has its own particular and distinct cellular function. While all of these receptors act in the endocytosis of extracellular cargo, not all members are involved in LDL uptake [7]. The LDLr protein family may also internalize proteins, vitamin complexes, and signaling molecules. LDLr can even be involved in the intracellular signaling; the intracellular domain of some LDLr family members can be released proteolytically—this gives a possible mechanism to account for the self-regulation of LDLr gene expression as described above [7]. 

Association of HCV Envelope Proteins with LDL:
It has been shown that the HCV virion and low-density lipoprotein will associate; this may aid in immune response evasion or in viral endocytosis by hepatocytes and other host cells. While new understanding of the HCV-LDL connection has elucidated viral interaction, much remains to be learned.

 In 1991, an early study found that two strains of HCV had two separate densities, elucidated by sucrose gradient equilibrium centrifugation; one with a value of less than 1.11 g/ml and one with a value of about 1.15 g/ml. The lower density seemed to be similar to that of low-density lipoprotein in plasma [3]; while this was not a major finding of this study, it was suggestive: viral particles could associate with LDL in sera. Also, Hijikata et al. in this study found that viral RNA at high density was more likely to not be detected; viral particles found at low-density were more virulent then those found at higher density, and the higher density strain of virus could be immunoprecipitated out of solution, while the lower density strain could not [3]. These data suggested that LDL might have some protective effect on the HCV virion. It has been suggested that LDL will coat the virus, disguising it from the immune system.


Subsequently, because of evidence of LDL and VLDL binding with HCV, the LDL receptor became a likely candidate for viral association and entry into host cells. Monazahian et al. found that, when LDL concentration is increased in sera, the entry and binding of HCV can be halted fully, as detected by HCV-RNA by RT-PCR [9]. Also, when anti-LDL antibody was added into sera, HCV particles would precipitate out along with serum LDL [9]. This strongly suggested that the HCV virion and the lipoprotein were interacting in a specific and meaningful way; HCV virus particle were being bound by LDL, and subsequently ceased to bind to human fibroblasts, the potential host cells in this experiment (See Fig. 4). The molecule on HCV that interacted with LDL was still unknown, however.
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Fig. 4: Data from Monazahian et al (1999): As LDL concentration rises, inhibition of HCV binding to human fibroblasts increases. Above schematic refers to gel lanes in photo at bottom: only LDL concentrations of 0-0.1 mg/ml produces HCV-RNA detected by RT-PCR [9].

In a series of experiments conducted a year later, Monazahian et al. found that the portion of the virion where LDL association occurs is the two glycoproteins found on the envelope. Using a chimeric E1/E2 protein section (amino acids 222-809 of the HCV polyprotein), it was found that human lipoproteins, including LDL, bound to the chimeric viral envelope glycoproteins [10]. Also, because of the amino acid section used, binding of LDL cannot be caused by either of the hypervariable regions on E2; these regions were not included in the aa 222-809 section [10]. Unfortunately, since the envelope protein used was chimeric—and therefore unglycosylated—no data could be collected on how glycosylation of the glycoproteins affect the binding of LDL. The chimera protein also created another problem: the non-membrane associated E1/E2 protein did not bind correctly [10]. 
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Table 1: Kono et al. determined there was a difference in LDL binding between genotypes. Since genotype is determined by envelope glycoprotein polymorphisms, the glycoproteins E1 and E2 must bind LDL [6].


The binding affinity of lipoprotein differs in the different viral genotypes, further suggesting that HCV binding to LDL is the result of the envelope glycoproteins (Table 1). Viral genomes are determined by the HVR1 on the E2 viral envelope protein; a statistically significant difference in the binding rate of LDL and HDL between the two genotypes tested (1b and 2a/2b), determined by immunoprecipitation and real time RT-PCR analysis, suggests that E2 does have some affect on the viral binding of lipoprotein [6].


In these experiments, it was shown that low-density lipoprotein would bind to the HCV virion. Subsequently, the locus of affinity was slowly determined to be the envelope glycoproteins E1 and E2; the core protein of HCV has been ruled out as the binding agent, as well as any possible interaction with the membrane of the envelope. Finally, the cause of viral affinity to LDL was determined—at least somewhat—to be the result of the E2 protein, based on binding affinity differences in two genotypes of HCV.

Association of HCV Envelope Proteins with LDLr:

While studies were being conducted to determine the significance of LDL binding to the HCV virion, additional experiments were attempting to shed light on the role of the lipoprotein receptor in hepatitis C virus adherence. 


In the 1999 study by Monazahian et al., COS-7 line of African green monkey kidney cells were transfected with the entire coding sequence of the human LDLr. Normal (control) COS-7 will not be vulnerable to HCV infection; subsequently, HCV was only able to bind to the transformed cells with the human LDLr sequence. Also, a fibroblast line lacking LDLr was not found to bind HCV virion. This is strong evidence to the fact that the LDLr has some role in HCV binding, and thus has a role in the virulence of the virus that causes hepatitis C [9].
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Fig. 5: Anti-LDLr antibody (A), LDL (B), and VLDL (C) all decreased the number of HCV cells that bound to the Vero cells. These three molecules compete with HCV particle to bind with LDLr [2]. 


HCV was also shown to bind LDLr in a paper by Germi et al. In this study, the binding of HCV was shown to be attenuated by using anti-LDLr monoclonal antibodies vs. nonspecific control antibody; the LDLr-specific antibodies effectively denied the HCV particle a foothold to bind onto the Vero African green monkey kidney cells [2]. LDL and VLDL, known ligands to LDLr, were also used as blocking agents (Fig. 5). The application of both lipoproteins effectively inhibited LDLr-HCV association. HDL, however, was not able to elicit the same response [2]. This shows that it is specifically the LDLr receptor that must be open to some sort of interaction with the viral particle. No insight into the exact HCV protein that must interact, however, was gained.


Using a CD4+ T-cell line, Wunschmann et al. determined that the LDLr is the primary actor in binding HCV particles. These researchers found that E2 protein does have a specific interaction with CD81: soluble CD81 was found to adhere to the HCV E2 protein. However, the important interaction was shown to be a HCV-LDLr specific interaction—E2 on viral particles do not appear to directly interact with the CD81 cellular receptor [13]. Soluble CD81 did not competitively bind low-density HCV particles (HCV virions associated with LDL). LDL is solution did cause a disruption in expected binding of the low density HCV virions to the T-cells [13]. Also, this study showed that when the LDLr gene expression is upregulated in the host cell, HCV virion binding and entry increases. Once again, however, this study could not shed light on the principle molecule of HCV that bound LDL and, more importantly, the LDLr [13].


This insight came from a study conducted at St. Louis University. In 2000, Meyer et al. discovered by using E1 and E2 pseudotype viruses that LDL had an inhibitory effect on binding of E1 pseudotype viruses to the LDLr. Virus titer was reduced by 45% in the LDL-incubated sample, as determined by a plaque assay. This automatically suggests that LDL competes for the binding site of its receptor with the viral E1 protein [8]. This is quite telling: the virus appears to use the E1 viral envelope glycoprotein to bind to LDLr, thus causing endocytosis into the hepatic host cell (or any other host that may express the LDLr).

Implications of HCV binding LDL and LDLr 

Now that HCV has been shown to bind low-density lipoprotein and, more tellingly, the LDL receptor, there exists a putative mechanism for hepatitis C virus adherence and entry into a host cell. It has been noted that the HCV virion does not exclusively replicate inside of hepatocytes; indeed, there is evidence to suggest that there may be other viral reservoirs in the body [1]. Yet now it is known that HCV is primarily localized in the liver, even though replication may go on in other tissues and areas of the body. The LDLr binding mechanism gives a probable reason why this outcome has been seen: most LDLr is found on the surface of hepatocytes. LDLr is needed to sequester the necessary lipoprotein to create the bile needed for digestion, as discussed above. The liver is not the only place viral particle synthesis is seen. It is a simple law of mass action that accounts for the overwhelming amount of replication seen in the liver. 


Also, this data suggest new therapies that an individual with hepatitis C could potentially receive in the future. By limiting factors that upregulate the expression of LDLr, a modicum of benefit could be gained. With less LDLr to bind viral particles, uninfected hepatocytes might be less likely to be infected by circulating HCV virions. Alternatively, with continued study of the LDL receptor, more knowledge may be gained on its signal transduction pathways; by understanding the reactions that occur after ligand binding, scientist might be able to design a drug or small cellular messenger that would interfere with the LDLr or the resultant signal transduction pathway. Such research could potentially attenuate the effect of a debilitating disease and help millions live longer and happier lives. 


By knowing the interactions that are involved with the HCV glycoproteins and LDLr, potential antiviral therapies could be created that might bind the virus particle and incapacitate it; one could effectively handcuff the virus and prevent it from binding to any other hepatocyte host by designing a chemical that would adhere tightly to the LDLr binding domain on the envelope glycoproteins.


Something must be done to combat hepatitis C; every year, more people die from some form of hepatitis, with a great majority of recent deaths caused by HCV (Fig. 6) [5]. And it is an epidemic that affects every one in this nation. It affects not only our lives but our wallets as well: the costs of treating the disease are exorbitant, and growing by the day. More and more liver transplants are the result of HCV; the hospital bills in 1998 due to HCV infection were estimated at $1 billion [5]. But there is hope. Knowledge begets solutions. Hard work and determination, when funded, can produce a miracle cure. Someday, HCV will not bind us in its shackles any more.
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Fig. 6: The number of deaths due to hepatitis. In 1999, a large portion of hepatitis deaths was attributable to hepatitis C infection [5].
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