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Abstract

A new era has begun in the treatment of hepatitis C virus (HCV) infection with powerful yet 

expensive therapies. New treatments are emerging that target the entry step of HCV and could 

potentially block reinfection after liver transplant. These treatments include antibodies, which 

target the virus or host receptors required by HCV. Additionally, several new and previously 

approved small-molecule compounds have been described that target unique aspects of HCV entry. 

Overall, the blocking entry represents an attractive strategy that could yield powerful combination 

therapies to combat HCV.
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The first step in viral replication is binding and entry into the target cell and therefore the 

first potential target for antiviral therapy. Historically, targeting the entry process was 

relegated to the realm of vaccine discovery instead of antiviral development. This approach 

required the identification of viral and host receptors and designing antigens to elicit 

antibodies with neutralizing activity that block entry. However, new host-targeting 

antibodies as well as compounds that interfere with this step are beginning to emerge as 

powerful therapeutics to combat viral infection. Targeting these initial steps is advantageous 

as it can prevent the entry of viral genomic material that can persist in infected cells.1 This is 

especially true for viruses that are associated with chronic infections such as HIV, HBV, and 

HCV. Recently the HIV field has witnessed great strides toward blocking entry with one 

entry inhibitor already approved and several more in the pipeline.2

The therapeutic landscape for HCV infection has rapidly evolved since the approval of two 

direct-acting antivirals (DAAs) in 2011. Telaprevir and boceprevir are viral protease 

inhibitors that have clearance rates of 70% in genotype 1 patients in combination with 

peginterferon (peg-IFN) and ribavirin but are limited by side effects and the rapid emergence 

of resistance and are not approved for liver transplantation.3 Newly approved nucleotide 

analogs such as sofosbuvir have very high clearance rates (>90%) but are limited by their 

high cost.4 Therefore, there is still a great need to develop a larger pool of drugs that are 

affordable and safe and possess activity against all genotypes. Furthermore, drugs that 

inhibit entry are highly desirable for preventing reinfection after liver transplant.

The entry of HCV is highly complex, and numerous host receptors and pathways have been 

implicated in the entry step.5 Entry begins with the HCV envelope proteins (E1 and E2) 

binding to host factors on the hepatocyte. The current list of entry factors includes heparan 

sulfate proteoglycans, scavenger receptor class B type I (SR-BI), CD81, claudin-1 (CLDN1), 

occludin (OCLN), Niemann-Pick C1-like 1 (NPC1L1), transferrin receptor 1 (TfR1), 

epidermal growth factor receptor (EGFR), and ephrin receptor A2 (EphA2). Thus, HCV 

entry provides several potential targets to interrupt HCV infection and remains an attractive 

area for drug development. Furthermore, viral kinetic studies have determined that HCV in 

the serum is rapidly cleared after treatment, followed by a loss of infected cells.6,7 

Therefore, blocking new infections of naivë hepatocytes may be important in interrupting 

and curing persistent infections. In this perspective, we will focus on newly emerging 

strategies to block HCV entry. This strategy includes antibodies targeting HCV and host 

factors as well as newly identified compounds that interfere with the entry process.

HCV- AND HOST-TARGETING ANTIBODIES

HCV envelope protein E2 is responsible for binding to host cell receptors CD81 and SR-BI.8 

Therefore, an attempt to hinder or neutralize this binding has been the primary goal for 

treatment with HCV-specific antibodies. The first neutralizing epitopes described were 

found within hypervariable region 1 (HVR1), and the protective potential was validated in 

chimpanzees infected with a specific HCV variant.9 However, due to the high variability of 

the region, there was no protection against other variants. Besides HVR1, other neutralizing 

epitopes have been found using monoclonal antibodies. Many broadly neutralizing 

antibodies have been described and were able to provide passive protection in a small animal 
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model of HCV infection.10–12 Currently there are HCV-targeting antibodies undergoing 

clinical trials to determine the efficacy of blocking reinfection after liver transplantation.13,14 

There is also a polyclonal antibody preparation, Civacir, currently undergoing a phase III 

trial that has the potential to block reinfection after liver engraftment.15 Despite neutralizing 

activity, HCV is still able to persist even in the presence of these antibodies, and several 

mechanisms have been proposed including escape mutations, shielding by glycans, and 

direct cell–cell transmission.8 Overall, more work needs to be done before neutralizing 

antibodies can be used as an effective treatment option.

Perhaps a more promising avenue is the use of antibodies that target host receptors. 

Currently there are several entry antibody inhibitors in preclinical development that target 

CD81, SR-BI, and CLDN1. Research using a liver-uPA-SCID mouse model has indicated 

that a monoclonal anti-CD81 antibody can effectively prevent HCV infection in a dose-

dependent manner.16 Furthermore, anti-CD81 antibodies can inhibit HCV infection across 

all genotypes.17

Similar to CD81, monoclonal antibodies targeting SR-BI are able to block cell-free virus 

infection and cell−cell spread, both in vitro and in vivo.18,19 Once again these antibodies 

efficiently blocked the infection of different HCV genotypes, validating the advantage of 

targeting a conserved host factor rather than the variable virus receptor. Interestingly, a 

follow-up study in humanized mice indicated that treatment with SR-BI antibody is effective 

even when initiated several days after HCV exposure.20

Finally, new evidence is emerging that the tight junction protein CLDN1 is a viable target to 

prevent and block the spread of HCV.21 Further work has confirmed this antiviral activity in 

a mouse model and demonstrated efficacy in highly infectious escape mutants that were 

resistant to neutralizing antienvelope antibodies.22,23 Overall, these antibodies offer a unique 

strategy to target the host rather than the virus, thus greatly reducing the emergence of viral 

resistance. However, these studies are still in their initial stages, and it remains to be seen if 

this efficacy will translate into a clinical setting. In addition, concerns for toxicity in 

targeting ubiquitous host factors needs to be addressed.

HCV ENTRY AND CHOLESTEROL

HCV entry is a highly complex process that not only requires receptor interactions but also 

appears to be dependent on other host pathways in a postattachment step. For instance, in 

vivo the HCV particle exists as a “lipoviral” particle, meaning that it is closely associated 

with low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL).24 LDL and 

VLDL are also highly enriched in cholesterol, which has been shown to be necessary for 

HCV cell entry.25,26 Using this knowledge, Sainz, Jr. et al.27 identified NPC1L1 as a 

receptor for HCV entry. The authors have shown that by using an NPC1L1 antibody, HCV 

infection can be blocked similarly to what has been described using anti-CD81 or anti-SR-

BI antibodies. Furthermore, they used a known inhibitor of NPC1L1, ezetimibe, to block 

HCV entry at or before the process of viral fusion. The authors went on to demonstrate in a 

mouse model that treatment with ezetimibe could significantly delay but did not prevent the 

establishment of HCV infection. Furthermore, much of the orally administered ezetimibe 
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initially binds intestinal enterocytes due to a high expression of NPC1L1 on their surface. 

Nevertheless, this study highlights the intricate nature of HCV entry in vivo and identifies a 

potential target for blocking HCV infection.

SMALL-MOLECULE INHIBITORS OF KNOWN ENTRY FACTORS

A second study using an siRNA screen identified a network of kinases involved in HCV 

entry.28 Silencing of EGFR and EphA2 significantly reduced the entry of HCV into both 

hepatoma cells and primary human hepatocytes. Interestingly, the receptor kinase activity 

was required for entry as blocking this step with known inhibitor erlotinib (EGFR) or 

dasatinib (EphA2) impaired entry in a dose-dependent manner. Further characterization of 

this inhibition demonstrated that it occurred at a postbinding step that disrupted the CD81-

CLDN1 coreceptor interaction. The authors also observed an inhibition of membrane fusion, 

which suggests EGFR and EphA2 impair both early and late postattachment steps. Finally, 

these receptor kinases were also required for cell−cell spread and blocked infection in the 

uPA-SCID mouse model. Similar to ezetimibe, treatment with these compounds only 

delayed HCV infection; thus there is a need to develop more potent compounds.

ITX5061, a small-molecule inhibitor of SR-BI in lipoprotein metabolism, is currently 

undergoing clinical trials for efficacy and safety in HCV treatment.29,30 Recent data suggests 

that ITX5061 was not effective in chronically infected HCV patients but could be useful in 

combination therapy. These types of treatments could be beneficial for preventing 

reinfection after liver transplantation.

EMERGING THERAPIES WITH COMPOUNDS HAVING AN UNKNOWN 

MECHANISM OF ACTION

The development of high-throughput cell culture screening systems has greatly increased the 

discovery of novel inhibitors of HCV replication.31 This technological advance led to the 

large-scale screening of compound libraries and the identification of potential therapeutics. 

Our group and others recently published reports identifying antihistamine chlorcyclizine 

HCl (CCZ) as a potent inhibitor of HCV replication.32,33 High-throughput screening of a 

library consisting of FDA-approved drugs identified CCZ and its derivatives as having anti-

HCV activity. We further characterized the inhibition and determined that CCZ was able to 

block HCV entry in a postattachment step similar to what was observed for ezetimibe and/or 

erlotinib. Additionally, CCZ was able to significantly reduce HCV genotype 1b and 2a 

replication in the uPA-SCID mouse model. Since CCZ has already been used extensively in 

humans, it is considered to be safe, and our studies confirm the low toxicity in vitro and in 

vivo. Furthermore, CCZ showed a strong synergism with current HCV drugs such as 

sofosbuvir, boceprevir, and telaprevir. Overall, this provides a strong rationale to develop 

CCZ to combine with current inhibitors to produce more powerful treatment options.

Overall, a great deal of momentum is building to develop entry inhibitors of HCV infection. 

This early step is critical for reinfection and entry inhibitors may pave the way for 

prevention of reinfection after liver transplantation in HCV patients. Furthermore, targeting 

host factors and the use of combinations with different targets will significantly reduce the 
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risk of developing resistance. Current treatment regimens are effective in treating HCV but 

require long treatment durations, are costly, and are associated with drug resistance. 

Practically, these new possibilities could be incorporated into the standard of care to reduce 

duration and cost. A new era has begun for HCV treatment, and we will likely see a major 

impact on the public health burden of HCV in the next decade.
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