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Activated Macrophages Promote Hepatitis C Virus Entry in a Tumor Necrosis Factor-Dependent Manner
Nicola F. Fletcher, Rupesh Sutaria, Juandy Jo, Amy Barnes, Miroslava Blahova, Luke W. Meredith, Francois-Loic Cosset, Stuart M. Curbishley, David H. Adams, Antonio Bertoletti, and Jane A. McKeating.
Hepatology in press.
Pubmed link | Hepatology website | Get a PDF file of this paper
Synopsis:
The chronic HCV-infected liver shows a significant increase in total macrophage numbers that most likely represents a local proliferation of KCs and infiltration of bone-marrow-derived monocytes; however, their role in the HCV lifecycle is poorly understood. We found that activation of blood-derived and intra-hepatic macrophages with a panel of TLR agonists induce soluble mediators that promote HCV entry into polarized hepatoma cells and identified TNF-α as the major cytokine involved in this process. The ability of TNF-α to promote the permissivity of polarized hepatoma cells was not limited to HCV but was also seen with lentiviral pseudotypes expressing Lassa, measles, and VSV-G glycoproteins. These studies identify a new pathway for HCV to exploit inflammatory responses in the chronically infected liver to promote infection that may contribute to viral persistence.
TNF-α plays a key role in regulating cell differentiation, proliferation, innate and adaptive immune responses, and is expressed by a variety of immune cells. Our studies uncover a new role for TNF-α and IL-1β in promoting HCV infection of polarized hepatocytes and so may provide new therapeutic targets for antiviral therapy.
Abstract:
Macrophages are critical components of the innate immune response in the liver. Chronic hepatitis C is associated with immune infiltration and the infected liver shows a significant increase in total macrophage numbers; however, their role in the viral life cycle is poorly understood. Activation of blood-derived and intrahepatic macrophages with a panel of Toll-like receptor agonists induce soluble mediators that promote hepatitis C virus (HCV) entry into polarized hepatoma cells. We identified tumor necrosis factor a (TNF-α) as the major cytokine involved in this process. Importantly, this effect was not limited to HCV; TNF-α increased the permissivity of hepatoma cells to infection by Lassa, measles and vesicular stomatitis pseudoviruses. TNF-α induced a relocalization of tight junction protein occludin and increased the lateral diffusion speed of HCV receptor tetraspanin CD81 in polarized HepG2 cells, providing a mechanism for their increased permissivity to support HCV entry. High concentrations of HCV particles could stimulate macrophages to express TNF-α, providing a direct mechanism for the virus to promote infection. Conclusion: This study shows a new role for TNF-α to increase virus entry and highlights the potential for HCV to exploit existing innate immune responses in the liver to promote de novo infection events.
Figure 1: Conditioned media from LPS-stimulated macrophages promotes HCV entry.
To assess the role of macrophages in the HCV lifecycle, we cultured peripheral blood-derived CD14+ monocytes and stimulated them either with a combination of IFN-γ and TNF-α to generate M1-macrophages, with IL-4 to generate M2-macrophages, or with lipopolysaccharide (LPS). DCs were isolated from the same donor and stimulated with LPS to simulate the liver microenvironment. The culture medium was collected from each culture after 24 h and assessed for its effect on HCV pseudoparticle (HCVpp) infection of polarized HepG2.CD81 cells. The media collected from the LPS-stimulated macrophages significantly increased HCVpp infection whereas none of the other 3 media had any effect (A). Increasing the amount of LPS added to the macrophages (0.1-10 μg/mL) increased HCVpp infection, whereas simply adding LPS to the HepG2.CD81 culture had no effect (B). Cytokine array profiling identified TNF-α, and to a lower degree IL-1β, as uniquely elevated in the media collected from the LPS stimulated macrophages.
Figure 2. TNF-α is the major factor secreted from activated macrophages that promotes HCV infection.
IL-1β and TNF-α increased HCVpp (strain H77) infection of polarized HepG2.CD81 cells, whereas IFN-γ reduced infection in a dose-dependent manner (A). Anti TNF-α and anti-IL-1β neutralizing antibodies inhibited the effect of recombinant TNF-α and IL-1β on HCVpp infection (B). Importantly, preincubation of the LPS-stimulated macrophage conditioned medium with anti TNF-α reduced HCVpp infection to a comparable level observed in untreated hepatoma cells. In contrast, LPS-stimulated DCs secrete both TNF-α and IFN-γ which may explain their modest effect on HCVpp entry (Fig. 1), suggesting a balance between the antiviral activity of IFN-γ and proviral effect of TNF-α. Pretreating polarized hepatoma cells with TNF-α for 1 hour prior to inoculating with virus led to a significant increase in infection; however, this was not seen with a longer preincubation time of 24 hours, suggesting a limited response time for the cells and/or a reversible phenotype (C). These studies uncover a new role for activated macrophages expressed TNF-α in promoting HCV entry into polarized hepatoma cells.
Figure 3: TNF-α Promotes Entry of Diverse Viruses Into Polarized Hepatocytes.
To determine whether the proviral effect of TNF-α is specific for HCV, we generated pseudoparticles bearing the surface glycoproteins of Lassa, Measles, or Vesicular Stomatitis Virus (VSV). HepG2 polarization restricted the infection of all pseudoparticles tested (A). To determine whether TNF-α increased the number of infected cells or the viral burden per cell, we generated VSV-G pseudoparticles expressing a fluorescent reporter protein. Flow cytometry revealed that TNF-α increased both the number of infected cells (57% ± 4.2% versus 65% ± 1.8%) and their fluorescent intensity (B). Conditioned medium collected from LPS-stimulated macrophages increased the permissivity of HepG2.CD81 cells to all pseudoparticles in a TNF-dependent manner (C). These results highlight a role for TNF-α in enhancing the ability of polarized HepG2 cells to support infection by diverse viruses.
Figure 4: Effect of TNF-α on HepG2 permeability, occludin localization, and CD81 lateral diffusion. Polarized HepG2.CD81 cells express the tight junction protein occludin at bile canalicular "ring" structures, indicating a complex hepatocellular polarity. Treatment of these cells with TNF-α, IL-1β or conditioned medium collected from LPS-stimulated macrophages induced a redistribution of occludin to the basolateral membrane (A). These observations lead us to conclude that these cytokines act to disrupt tight junctions. We have previously shown that polarization reduced viral receptor CD81 and HCVpp diffusion at the basal HepG2 membrane (Harris, 2013), which may explain their reduced ability to support infection. Measurement of basal membrane diffusion by FRAP showed that TNF-α induced an increase in the CD81 diffusion coefficient (B). These data highlight a role for TNF-α in regulating hepatoma tight junction and CD81 dynamics, providing an explanation for the increase in viral permissivity.
Conclusion:
The constant stimulation of hepatic TLR4 by gut-derived LPS the liver is thought to induce tolerance mechanisms to limit hyperactivation of the immune system. However, recent studies demonstrate a loss of TLR tolerance in macrophages from chronic hepatitis B and C-infected patients, suggesting an association between LPS-induced macrophage activation and progression to endstage liver disease. It is interesting to note that both alcohol and HIV coinfection are associated with increased levels of plasma LPS. Our demonstration that LPS stimulates Kupffer cells to promote HCV infection provides a potential explanation for how these comorbidities may augment HCV infection and ensuing liver disease.
Paracrine signals from liver sinusoidal endothelium regulate hepatitis C virus replication
Rowe IA, Galsinh SK, Wilson GK, Durant S, Lazar C, Branza-Nichita N, Bicknell R, Adams DH, Balfe P and McKeating JA.
Hepatology, in press
Hepatalogy website | Pubmed link | Get a PDF file of this paper
Synopsis:
The liver is a large and complex organ containing multiple cell types, including sinusoidal endothelial cells (LSEC), stellate cells, Kupffer cells and biliary epithelial cells as well as hepatocytes. Hepatocytes are the major reservoir supporting HCV replication and the contribution of other cell types in the viral lifecycle remain largely unexplored. LSEC hepatocyte interactions are critical for normal liver development and function, and regulate the organ’s response to injury. One of the best- characterised paracrine signals between these endothelial and epithelial cells is vascular endothelial growth factor-A (VEGF-A) which maintains the sinusoidal endothelial fenestrated phenotype and promotes hepatocyte growth factor expression in response to injury.
We previously reported that HCV infection promotes VEGF expression (Mee et al 2010), resulting in hepatocyte depolarization and enhanced viral entry. Treating HCV infected hepatocytes with VEGF inhibitors, including sorafenib, restored their ability to polarize and limited viral infection, suggesting a therapeutic role for VEGF inhibitors in HCV infection. These reports led us to develop endothelial-hepatocyte co-cultures to study the role of LSEC in the HCV lifecycle. This study describes a new paracrine network linking these cell types that regulates HCV replication.
LSECs express bone morphogenetic protein 4 (BMP4) that promotes hepatocyte permissivity to support HCV replication. BMP4 expression is negatively regulated by VEGF-A activation of VEGF Receptor-2 (VEGFR-2) and down-stream p38 MAPK signalling. Ex vivo studies demonstrate increased BMP4 expression and reduced per endothelial cell VEGFR-2 activation in the diseased liver, highlighting new aspects of LSEC-hepatocyte cross-talk that may limit the efficacy of anti-VEGF therapies in HCV infection and suggesting therapeutic manipulation of BMP4.
Abstract:
Hepatitis C virus (HCV) is a major cause of global morbidity, causing chronic liver injury that can progress to cirrhosis and hepatocellular carcinoma. The liver is a large and complex organ containing multiple cell types, including hepatocytes, sinusoidal endothelial cells (LSEC), Kupffer cells and biliary epithelial cells. Hepatocytes are the major reservoir supporting HCV replication, however, the role of non-parenchymal cells in the viral lifecycle remain largely unexplored. LSEC secrete factors that promote HCV infection and transcript analysis identified bone morphogenetic protein 4 (BMP4) as a candidate endothelial expressed pro-viral molecule. Recombinant BMP4 increased HCV replication and neutralisation of BMP4 abrogated the pro-viral activity of LSEC conditioned media. Importantly, BMP4 expression was negatively regulated by vascular endothelial growth factor A (VEGF-A) via a VEGF receptor-2 (VEGFR-2) primed activation of p38 MAPK. Consistent with our in vitro observations, we demonstrate that in normal liver VEGFR-2 is activated and BMP4 expression is suppressed. In contrast, in chronic liver disease including HCV infection where there is marked endothelial cell proliferation we observed reduced per endothelial cell VEGFR-2 activation and a concomitant increase in BMP4 expression.
Conclusion: These studies identify a role for LSEC and BMP4 in HCV infection and highlight BMP4 as a new therapeutic target for treating individuals with liver disease.
Figure 1. Paracrine VEGF signalling reduces HCV infection of LSEC-hepatocyte co-cultures.
(A) CM was collected from LSEC treated with increasing concentrations of recombinant VEGF-A and screened for its effect on Huh-7.5 permissivity to support HCV JFH-1 infection. Infection was enumerated by quantifying NS5A expressing cells and the data expressed relative to mock control (black). (B) Recombinant VEGF-A (10ng/ml) was used to treat Huh-7.5 cells at the time of HCV infection. Infectivity was assessed relative to untreated control. (C) LSEC/Huh-7.5 co-cultures were established and a representative image is shown, where LSEC are labelled with CMFDA (green) cell tracker dye. LSEC/Huh-7.5 co-cultures were treated with neutralizing anti-VEGF antibody or irrelevant IgG (10μg/ml) prior to infecting with HCV.
Figure 2. BMP4 is negatively regulated by VEGF and stimulates HCV replication.
LSEC were starved of VEGF overnight and stimulated with VEGF-A (10ng/ml) as indicated for 8-hours and lysed to quantifyBMP4 mRNA(A) or protein(B). Conditioned media (CM) from untreated (black) or VEGF-A treated LSEC were incubated with a neutralising anti-BMP4 antibody (10μg/ml) and screened for its effect on Huh-7.5 permissivity(C). BMP4 antibody clearly blocks enhancement.
Huh-7.5 were treated with recombinant BMP4 for 48-hours and the cells assessed for their ability to proliferate(D) and support HCV JFH-1 infection, enumerated either by quantifying NS5A expressing cells(E) or measuring HCV RNA(F). To assess the effects of BMP4, primary hepatocytes were treated with BMP4 (100ng/ml) for 18-hours, inoculated with HCV JFH-1 and infection assessed by measuring HCV RNA(G).
BMP4 has a clear impact on HCV infection.
Figure 3: LSEC paracrine signals regulate HCV replication.
In the normal liver BMP4 expression is suppressed through VEGFR-2/p38 MAPK signalling (A). Following HCV infection VEGF-A expression is increased. In the hepatocyte this stimulates depolarisation and increases permissivity to HCV entry. VEGFR-2 signalling in LSEC is reduced thus permitting BMP4 expression. BMP4 stimulation of hepatocytes increases HCV replication (B).
Early infection events highlight the limited transmissibility of hepatitis C virus in vitro
Meredith LW, Harris HJ, Wilson GK, Fletcher NF, Balfe P and McKeating JA.
Hepatology, in press
Hepatology website | Pubmed link | Request a preprint.
Synopsis:
Hepatitis C virus (HCV) poses a global health problem, with over 170 million chronically infected individuals at risk of developing progressive liver disease. The ability of a virus to spread within a host is a key determinant of its persistence and virulence. HCV can transmit in vitro by cell-free particle diffusion or via contact(s) between infected and naïve hepatocytes. However, limited information is available on the relative efficiency of these routes, our aim is to develop physiologically relevant assays to quantify these processes. To do this, we developed a single-cycle infectious co-culture assay which allowed us to measure the earliest events of viral transmission. A comparison of cell-free and cell-to-cell virus spread demonstrated relatively poor transmission rates, with 10-50 infected producer cells required to infect a single naïve target cell. We found HCV strain J6/JFH to be 10-fold more efficient at spreading via the cell-to-cell route than cell-free, whereas SA13/JFH and HK6/JFH strains showed comparable rates of infection via both routes. The key rate-limiting step in the initiation of transmission appears to be SR-BI localization. Importantly, the level of infectious virus released from cells did not predict the ability of a virus to spread in vitro highlighting the importance of studying cell-associated viruses. These studies demonstrate the relatively poor infectivity of HCV and highlight differences between strains in their efficiency and preferred route of transmission that may inform future therapeutic strategies that target virus entry.
Abstract:
Background and aims: Hepatitis C virus (HCV) poses a global health problem, with over 170 million chronically infected individuals at risk of developing progressive liver disease. The ability of a virus to spread within a host is a key determinant of its persistence and virulence. HCV can transmit in vitro by cell-free particle diffusion or via contact(s) between infected and naïve hepatocytes. However, limited information is available on the relative efficiency of these routes, our aim is to develop physiologically relevant assays to quantify these processes.
Methods: We developed a single cycle infection assay to measure HCV transmission rates.
Results: We compared HCV spread in proliferating and arrested cell systems and demonstrated a significant reduction in cell-to-cell infection of arrested target cells. Comparison of cell-free and cell-to-cell virus spread demonstrated relatively poor transmission rates, with 10-50 infected producer cells required to infect a single naïve target cell. We found HCV strain J6/JFH to be 10-fold more efficient at spreading via the cell-to-cell route than cell-free, whereas SA13/JFH and HK6/JFH strains showed comparable rates of infection via both routes. Importantly, the level of infectious virus released from cells did not predict the ability of a virus to spread in vitro highlighting the importance of studying cell-associated viruses.
Conclusions: These studies demonstrate the relatively poor infectivity of HCV and highlight differences between strains in their efficiency and preferred route of transmission that may inform future therapeutic strategies that target virus entry.
Figure 1. Co-culture virus transmission assay.
HCV infected Huh-7.5 “producer” cells, labelled with CMFDA, are seeded at a 1:1 ratio with naive, uninfected Huh7.5 “target” cells. Cells are incubated for 2h to allow cell-junction formation and anti-HCV or irrelevant Ig (100µg/mL) added to neutralize extracellular virus. Cultures are incubated for a further 24h, the supernatant collected and infectious virus titer enumerated by inoculating naive Huh-7.5 cells. Cells were trypsinized, fixed and stained for the presence of viral encoded NS5A and analysed by flow cytometry to define the total number of infected target cells. Cell-cell or nAb resistant virus spread is defined as the number of newly infected target cells when 100% of extracellular virus is neutralized..
Figure 2. Single-cycle transmission assay reveals differences in cell-to-cell and cell-free HCV transmission rates.
(A) CMFDA labelled Huh-7.5 cells infected with the indicated HCV strains were co-cultured with naive targets in the presence of anti-HCV Ig or irrelevant Ig, transmission was stopped at defined intervals by adding anti-CD81 and cell-cell and cell-free infection events determined. Data is presented as the number of newly infected targets per 105 infected producers.
(B) Rates of total, cell-cell or cell-free transmission and extracellular virus production were calculated over the first 4h of co- culturing infected and naïve cells. (T-test, ns = non-significant, *** = p<0.0001).
$ represents the mean number of infected targets/105 producers/h and
† represents the infectivity of extracellular virus per 105 producers/h
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Hepatoma polarization limits CD81 and hepatitis C virus dynamics
Harris HJ, Clerte C, Farquhar MJ, Goodall M, Hu K, Rassam P, Dosset P, Wilson GK, Balfe P, IJzendoorn SC, Milhiet PE and McKeating JA.
Cellular Microbiology, 15:430-445, 2013
Cellular Microbiology website | Pubmed link | Get a PDF file of this paper
Synopsis:
We investigated potential differences in lipid mobility beween polarized and non-polarized HepG2 membranes using fluorescent lipid probes and monitoring their movement using Fluoresence Recovery After Photobleaching (FRAP). We found significantly slower Diffusion coefficients (DC) in polarized HepG2 cells (DC=0.17μm2/s) compared to non-polarized cells (DC=0.43-0.45μm2/s) (Fig.1). This change in the membrane may contribute to the reduced HCVpp entry observed in polarized cells.
TIRF microscopy of cell surface bound anti-CD81 Fabs enabled us to quantify CD81 dynamics at the basal membrane of living cells. Three diffusion modes were observed using a neural network: (1) pure Brownian diffusion (55% of total trajectories) with a median DC value of 0.17 μm2/s; (2) pure confined or restricted diffusion (30%) with a lower median DC value of 0.03 μm2/s and an average confinement diameter of 367nm; and (3) mixed diffusion, a combination of Brownian and confined (15%). Cell polarization reduced the proportion of CD81 Brownian movement (40%), whilst increasing the frequency of mixed diffusion (29%) (Fig.2). These studies show that polarization slows CD81 diffusion and increases its confinement.
The same approach was used to study HCV pseudo particle (HCVpp) trafficking. In non-polarized HepG2 cells, the dominant mode of HCVpp diffusion was Brownian (~80%), with few mixed (15%) or confined (5%) trajectories (Fig.3). Polarization led to an increase in these mixed and confined trajectories and a concomitant decrease in Brownian diffusion Furthermore, HCVpp Brownian diifusion was halved on polarized HepG2 cells compared to non-polarized cells, from 0.14μm2/s to 0.07μm2/s respectively, leading us to conclude that HepG2 polarization has similar effects on both HCVpp and CD81 movement.
In summary, our data suggest that CD81 needs to freely diffuse in the cellular membrane to form transient associations with claudin-1 (Harris et al., 2010, Harris et al., 2008). Our recent observation that HCV promotes CD81 and claudin-1 co-endocytosis (Davis 2012) supports a model where virus-CD81 complexes move laterally across the plasma membrane prior to internalization (Farquhar et al., 2012). The observation in this paper that polarization reduces the dynamics of both CD81 and HCVpp at the basolateral membrane suggests a new pathway by which polarized epithelia may restrict pathogen invasion, and highlights the importance of studying pathogen-host cell interactions in realistic polarized cell systems.
Abstract:
Many airway and enteric viruses target the polarized epithelial apex during host invasion. In contrast, hepatitis C virus (HCV) enters the liver via the sinusoidal blood and engages receptors at the basal surface of hepatocytes in the polarized liver parenchyma. We previously reported that hepatoma polarization limits HCV entry by an unknown mechanism. Real-time FRAP and single particle tracking of viral receptors and HCV pseudoparticles (HCVpp) demonstrate the dynamic nature of these proteins at the cell surface. We observed a significant reduction in lipid and CD81 mobility at the basal membrane of polarized HepG2 cells that influenced HCVpp diffusion. We demonstrate a role for the CD81 C-terminus in regulating both protein mobility and HCVpp lateral diffusion. Collectively, these studies provide a new mechanism for polarized epithelia membrane protein dynamics to limit pathogen infection.
Figure 1. Effect of HepG2 polarization on lipid dynamics.
Quantitative FRAP measurement of the dynamice of the fluorescent lipids DiO-C18 and DiD-C18 in polarized (day 7 post plating with a polarization index of 43%) and non-polarized HepG2 cells (day 1 post plating with a polarization index of 2%). Representative normalized FRAP recovery curves in polarized (Pol, black) and non- polarized (Non Pol, grey) cells are shown. Median diffusion coefficient (DC) of DiO-C18 (A) and DiD-C18 (B) in polarized and non-polarized HepG2 cells, where each point represents one bleached region of interest and the vertical black line represent the median value. A minimum of 10 cells and 100 ROIs were measured per parameter. Non-parametric Mann Whitney T tests were used to determine the significance of the differences seen (***, p<0.0001).
Figure 2. Single particle tracking of CD81 in polarized and non-polarized HepG2 cells.
(A) Anti-CD81 2s66 Fab was pre-incubated with cells for 1 hour prior to FRAP imaging. The Fab had no significant effect on CD81 mobility (Mf) or diffusion (DC). (B) The TIRF image traces CD81 trajectories on the non-polarized HepG2 cell surface, the cartoon depicts representative trajectories with Brownian (B), mixed (M) or confined (C) properties. (C) The relative frequencies of the anti-CD81 2s66 Fab trajectories in polarized (Pol - white bars) and non-polarized (Non Pol - black bars) cells are shown. (D) Scatter plots for diffusion coefficients (DC) calculated from the Brownian trajectories in polarized and non-polarized cells. Each point represents one trajectory, with the black line indicating the median DC, a minimum of 10 cells and 250 trajectories were measured. Non-parametric Mann Whitney T tests were used to determine the degree of significance (***, p<0.0001).
Figure 3: Single particle tracking of viral particles in polarized and non-polarized HepG2 cells. (A) The relative frequencies of Brownian (B), mixed (M) and confined (C) HCVpp diffusion at the polarized (Pol - white bars) and non-polarized (Non Pol - black bars) HepG2 cell membrane are shown. (B) Scatter plots for HCVpp diffusion coefficients bound to polarized or non-polarized HepG2 cells were calculated from the Brownian trajectories in polarized and non-polarized cells. Each point represents one trajectory, with the black line indicating the median DC, a minimum of 10 cells and 250 trajectories were measured. Non-parametric Mann Whitney T tests were used to determine the degree of significance ( **, p< 0.001; ***, < 0.0001).
In silico directed mutagenesis identifies the CD81/claudin-1 hepatitis C virus receptor interface.
Christopher Davis, Helen J Harris, Ke Hu, Heidi E Drummer, Jane A McKeating, Jonathan G L Mullins and Peter Balfe
Cellular Microbiology, in press. online. DOI: 10.1111/cmi.12008
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Synopsis:
Although the molecular interaction of viruses with individual receptor proteins has been elucidated in great detail, the more dynamic process of multi-protein engagement has proven a greater challenge. The sequential engagement of receptors provides a coordinated process to regulate virus internalization but is largely unstudied to date.
Antibodies targeting the CD81 second extracellular loop (ECL2) have been shown to inhibit HCV infection in vitro and in vivo (Farquhar et al 2012). In contrast, there is limited evidence for tight junction protein association with HCV, suggesting an indirect role for claudin-1 and occludin in virus internalization (Meredith et al., 2012). We (Harris et al., 2008, Harris et al., 2010) and others (Cukierman et al., 2009, Kovalenko et al., 2007) have shown a direct interaction of claudins with tetraspanins, supporting a model where CD81-claudin-1 receptor complexes define HCV internalization.
We investigated the molecular interface between CD81 and claudin-1 using a combination of bioinformatic sequence based modelling, site-directed mutagenesis and Fluorescent Resonance Energy Transfer (FRET). Although the crystal structure of human CD81 ECL2 is known (PDB 1G8Q), no X-ray or NMR structural data exists for any member of the claudin family. We generated a homology model for claudin-1 ECL1 which we used to guide the genesis and in vitro screening of a panel of claudin-1 and CD81 mutants. We demonstrated an essential role for CD81 residues T149, E152 and T153 in the association of CD81 with claudin-1. Importantly, these mutations had no impact on protein conformation or HCV E2 binding but ablated HCV entry, highlighting the novel function of these CD81 residues. These observations increase our understanding of CD81/claudin-1 association and suggest a new approach for the computational design of peptides and small molecules to disrupt these receptor complexes and inhibit viral infection.
Abstract:
Hepatitis C virus (HCV) entry is dependent on host cell molecules tetraspanin CD81, scavenger receptor BI and tight junction proteins claudin-1 and occludin. We previously reported a role for CD81/claudin-1 receptor complexes in HCV entry, however, the molecular mechanism(s) driving association between the receptors is unknown. We explored the molecular interface between CD81 and claudin-1 using a combination of bioinformatic sequence based modelling, site-directed mutagenesis, and Fluorescent Resonance Energy Transfer (FRET) imaging methodologies. Structural modelling predicts the first extracellular loop of claudin-1 to have a flexible beta conformation and identifies a motif between amino acids 62-66 that interacts with CD81 residues T149, E152 and T153. FRET studies confirm a role for these CD81 residues in claudin-1 association and HCV infection. Importantly, mutation of these CD81 residues has minimal impact on protein conformation or HCV glycoprotein binding, highlighting a new functional domain of CD81 that is essential for virus entry.
Fig.1: Structural modelling of claudin-CD81 association.
Ribbon models of the ECL1 domain of native claudin-1 (A) or I32M (B), E48K (C) and I32M/E48K (D) mutants with CD81 ECL2 (PDB: 1G8Q). Claudin-1 is depicted according to its predicted secondary structure (alpha helices in red, beta turn in white) with CD81 in green, key interacting residues are labelled. The interacting regions include claudin-1 residues 33-35 and 63- 66, and CD81 residues K148, T149, E152 and T153. I32M and E48K claudin-1 mutations alter key inter-residue distances and interactions with CD81.
Fig.2: Effect of claudin-1 mutations on protein localization, CD81 association and HCV infection.
(A) 293-T cells were transfected to express wild type (WT) AcGFP- claudin-1 and mutants and their localization assessed by confocal microscopy. (B) Cell surface expression of AcGFP-claudin mutants was determined using the Zeiss profiling function to trace cell boundaries, the data shown is the average MFI of 10 cell profiles, the data are representative of three transfection experiments. (C) %FRET between AcGFP-claudin-1 mutants and DsRED-CD81 in transfected 293-T cells. None of the mutants in group I (W30A, I32A, D38A, G49A and W51A) showed any significant interaction with CD81. The mean % FRET values are derived from triplicate estimates within a single experiment and are representative of two further experiments. The mean plus 2SD of non-specific FRET values observed in parental non-transfected is indicated by the dashed line and represents the threshold for the assay. The diminution in %FRET signal for the members of group I relative to the other 2 groups was significant (Kruskal Wallis test, p< 0.01) (D) Infectivity of HCVpp in parental 293-T cells and in those transfected to express AcGFP-claudin-1 WT and mutants. 293-T cells expressed comparable levels of both WT and claudin-1 mutants.
Fig.3: Effect of CD81 mutations on protein localization, association and HCV infection.
(A)HepG2 cells were transduced to express wild type (WT) and mutant DsRED-CD81 proteins and their localization assessed by confocal microscopy. (B) %FRET between DsRED-CD81 mutants and AcGFP-CD81 in transfected 293-T cells. (C) %FRET between AcGFP-claudin-1 and DsRED-CD81 and mutant proteins expressed in 293-T cells, the threshold for the association is indicated by the dashed line. The mean values are derived from triplicate estimates which are representative of three further experiments. (D) Effect of CD81 mutations on HCV infection. HepG2 cells were transduced to express WT DsRED-CD81 and mutant proteins and evaluated for their ability to support HCVpp or MLVpp infection. The dashed line represents the mean plus 2 SD of HCVpp infection of CD81 negative parental HepG2 cells; levels of infection below this threshold are considered negative. The data presented are from a single experiment and are representative of two further independent experiments.
This paper identifies a new class of CD81 residues which modulate HCV entry independent of viral glycoprotein-receptor interaction. The experiments performed substantiate the key role of CD81-claudin-1 complexes in HCV internalization. The CD81/claudin-1 interface provides a new conserved target for anti-viral drug design and will allow the rational design of small molecule and peptide mimetics targeting the receptor complex.
Hepatitis C virus induces CD81 and claudin-1 endocytosis.
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Synopsis:
CD81 and claudin-1 are essential cellular factors for hepatitis C virus (HCV) entry however their precise role has yet to be determined. In this study we show that high affinity anti-CD81 monoclonal antibodies inhibit infectivity even after the virus has entered the cell, suggesting a role for intracellular CD81 in HCV infection. Confocal imaging reveals a limited pool of intracellular CD81 that, via endocytosis from the plasma membrane, increases following the addition of antibody.
We show that, in a manner analogous to HCV entry, CD81 endocytosis occurs in a clathrin and dynamin dependent manner. Association of CD81 with claudin-1 is important for entry of HCV (Harris, 2010) and this study reveals that co-endocytosis of CD81 and claudin-1 is promoted both by receptor specific antibodies and by viral particles. In addition we show that internalized CD81 and claudin-1 localize to Rab5 expressing early endosomes, the site of HCV fusion within the host cell. Our data supports a model where HCV stimulates trafficking of the CD81-claudin-1 receptor complex to promote particle internalization.
Abstract:
Hepatitis C virus (HCV) leads to progressive liver disease and hepatocellular carcinoma. Current treatments are only partially effective and new therapies targeting viral and host pathways are required. Virus entry into a host cell provides a conserved target for therapeutic intervention. Tetraspanin CD81, scavenger receptor class B member I and tight junction proteins claudin-1 and occludin have been identified as essential entry receptors. Limited information is available on the role of receptor trafficking in HCV entry. In this study, we demonstrate that anti-CD81 antibodies inhibit HCV infection at late times post virus internalization, suggesting a role for intracellular CD81 in HCV infection. Several tetraspanins have been reported to internalize via motifs in their C-terminal cytoplasmic domain, however, CD81 lacks such motifs leading several laboratories to suggest a limited role for CD81 endocytosis in HCV entry. We demonstrate CD81 internalization via a clathrin and dynamin dependent process, independent of its cytoplasmic domain, suggesting a role for associated partner proteins in regulating CD81 trafficking. Live cell imaging demonstrates CD81 and claudin-1 co-endocytosis and fusion with Rab5 expressing endosomes, supporting a role for this receptor complex in HCV internalization. Receptor specific antibodies and HCV particles increase CD81 and claudin-1 endocytosis, supporting a model where HCV stimulates receptor trafficking to promote particle internalization.
Figure 1. Anti-CD81 mAbs neutralize HCV post internalization.
(A) Schematic illustration of experimental design. (B) Time course of J6/JFH escape from proteinase K (PK), and from the anti-CD81 mAbs JS81 and 2s131. The time for J6/JFH to escape 50% of the neutralizing effects of PK and anti-CD81 mAbs (t1/2) was calculated relative to the maximum inhibition observed at 120 minutes.
PK stripping of virus from the cell surface shows the rate of internalization (t1/2 = 18 minutes in this experiment). By 40 minutes essentially all of the virus is internalized, yet addition of anti-CD81 mAb 2s131 at this time still is > 50% effective in neutralizing virus.
Figure 2. CD81 internalization.
(A) Total surface biotinylated protein (lane 1), biotin-labelled protein internalized at 4°C (lane 2) or at 37°C for 60 minutes in the presence of irrelevant mouse immunoglobulin (lane 3) or anti-CD81 2s66 (lane 4) were captured by streptavidin pulldown. Precipitates (P, upper panel) and whole cell lysates (WCL, lower panel) were subjected to SDS-PAGE and reactivity with anti-CD81 assessed by Western blotting. The data shown are representative of two separate experiments, from which the intracellular CD81 relative to total surface biotinylated CD81, as determined by densitometric analysis is determined. Results were compared using a Students T test (**p < 0.01). (B) Huh-7.5 cells expressing AcGFP.CD81 were incubated with control mouse immunoglobulin, equimolar amounts of 2s66 or Fab for 1 h at 37°C. After fixation, ten or twenty cells were imaged and intracellular CD81 fluorescence quantified as a percentage of total fluorescence ± SEM. Data were compared using a non-parametric ANOVA (Dunn’s test, Kruskal Wallis ANOVA, ***p < 0.001). We found no significant difference when 10 or 20 cells were analyzed.
Figure 3: CD81 internalization is clathrin and dynamin dependent.
Huh-7.5 cells expressing GFP-control, GFP-Eps15-EH29, or Dynamin2-K44A-GFP (transdomininant mutants of their respective proteins) were incubated with Alexa-594 labelled Transferrin (Tfn-594) or anti-CD81 2s131 (2 µg/ml) for 60 minutes at 37°C. Intracellular Tfn and CD81-Ab fluorescence in ten selected GFP-Eps15-EH29 and Dynamin2-K44A-GFP expressing cells was measured and presented relative to the intracellular fluorescence in control GFP expressing cells. Tfn and CD81 internalization relative to control was compared using a non-parametric ANOVA (Dunn’s test, Kruskal Wallis ANOVA, * p < 0.05, ** p < 0.01, ***p < 0.001).
Eps15 is a regulatory protein essential for the formation of clathrin coated pits, whereas Dynamin2 is necessary for the scission of vesicles from the plasma membrane. By repressing these two processes (which are known to be involved in Transferrin trafficking) with these transdominant mutants we can demonstrate that they have a role in CD81 trafficking.
Figure 4: HCV promotes CD81 and claudin-1 endocytosis.
Huh-7.5 cells expressing AcGFP.CD81 were mock infected (control) or infected with HCVcc J6/JFH, either untreated, heat inactivated, or pre-treated with an anti-HCV Ig or a control Ig. Cells were fixed and CD81 or claudin-1 detection performed. Intracellular protein/antibody fluorescence was quantified as a proportion of the total fluorescence ± SEM in a sample population of 10 cells, where each circle on the graphs represents an individual cell. Data were compared using a non-parametric ANOVA (Dunn’s test, Kruskal Wallis ANOVA, * p < 0.5, ** p < 0.01, *** p < 0.001). These data are representative of two other experiments which showed comparable levels of statistical significance.
Those cells in which infection is occurring show clear evidence of increased levels of intracellular CD81 and claudin-1.
D81-claudin-1 endocytosis.
Huh-7.5 cells were incubated with ATTO 647N labelled anti-CD81 2s66 (blue) and ATTO 565 labelled anti-claudin-1 (red), for 30 min at 37°C, washed and real-time imaging on a 1 μm Z section through the center of the cell performed over a period of 5 min (~4 frames/second). CD81 and claudin-1 can be seen trafficking at the plasma membrane prior to their endocytosis from the cell surface.
CD81-claudin-1 fusion with early endosomes.
Huh-7.5 cells expressing GFP-Rab5 (green) were incubated with 647N-anti-CD81 2s66 (blue) and 565-anti-claudin-1 (red) for 30min at 37°C, washed and real-time imaging of a 1 μm Z section through the center of the cell performed over a period of 5 min. Co-localization of all three fluorescence signals results in a white color, suggesting fusion with early endosomes.
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Synopsis:
Recent advances allowing the assembly of infectious HCV particles in vitro have enabled the complete virus lifecycle to be studied. HCV encodes two glycoproteins E1 and E2 that mediate virus attachment to the host cell receptors tetraspanin CD81 and scavenger receptor class BI (SR-BI). More recently, the tight junction proteins Claudin-1 and Occludin have also been implicated in HCV entry. We previously reported that HCV infection reduced hepatoma polarity reminiscent of epithelial to mesenchymal transition (EMT) (Mee, 2010). Given the many reports detailing aberrant tight junction protein expression and EMT in malignant neoplasms, including HCC, and the knowledge that viruses frequently down regulate expression of their cellular receptors we investigated the effect(s) of HCV infection on hepatoma migration and invasion.
In this study we demonstrate that HCV glycoproteins and virus infection reduce tight junction integrity and E-Cadherin expression, promote the expression of the EMT markers Snail and Twist and enhance hepatoma migration via stabilizing hypoxia inducible factor 1a (HIF-1α), a transcriptional regulator that activates vascular endothelial growth factor (VEGF) and transforming growth factor (TGFβ) expression. We found a role for VEGF and TGFβ in de-regulating hepatoma polarity and promoting the migration of infected cells. Inhibition of HIF-1α reversed the viral effects on hepatoma migration and significantly reduced HCV replication, suggesting a dual role for HIF-1α in deregulating cellular processes associated with tumor growth and in the viral life cycle.
HIF-1α is expressed in many human cancers and is considered a therapeutic target for treating malignant disease of diverse aetiologies. These data provide new insights into a role for HCV in HCC pathogenesis and suggest new approaches for treatment.
Abstract:
Background & Aims: Hepatitis C virus (HCV) causes progressive liver disease and is a major risk factor for the development of hepatocellular carcinoma (HCC). However, the role of infection in HCC pathogenesis is poorly understood. We investigated the effect(s) of HCV infection and viral glycoprotein expression on hepatoma biology to gain insights into the development of HCV associated HCC.
Methods: We assessed the effect(s) of HCV and viral glycoprotein expression on hepatoma polarity, migration and invasion.
Results: HCV glycoproteins perturb tight and adherens junction protein expression, increase hepatoma migration and expression of epithelial to mesenchymal transition markers Snail and Twist via stabilizing hypoxia inducible factor-1α (HIF-1α). HIF-1α regulates many genes involved in tumor growth and metastasis, including vascular endothelial growth factor (VEGF) and transforming growth factor-beta (TGF-β). Neutralization of growth factors show different roles for VEGF and TGF-β in regulating hepatoma polarity and migration, respectively. Importantly, we confirmed these observations in virus infected hepatoma and primary human hepatocytes. Inhibition of HIF-1α reversed the effect(s) of infection and glycoprotein expression on hepatoma permeability and migration and significantly reduced HCV replication, demonstrating a dual role for HIF-1α in the cellular processes that are deregulated in many human cancers and in the viral life cycle.
Conclusions: These data provide new insights into the cancer-promoting effects of HCV infection on HCC migration and offer new approaches for treatment.
Figure 1. HCV glycoproteins perturb tight junction protein localization.
Polarized HepG2 cells expressing glycoproteins from HCV strains H77 and JFH-1 or control vesicular stomatitis virus glycoprotein (VSV-G) were stained for tight junction protein localization. Green shows Occludin and Claudin-1 distribution in parental and glycoprotein expressing cells, where cell nuclei are counterstained with DAPI (blue); scale bar represents 20μm.
Figure 2. Occludin localization in normal and diseased liver tissue.
Representative immunohistochemical stains of Occludin in normal, early and late stage HCV infected livers (x200), where the arrow shows Occludin at bile canalicular (BC) or basolateral (BM) hepatocyte membranes. The basolateral distribution in all inflamed tissue was significantly higher compared to normal tissue (P < 0.05 Dunn's test).
Figure 3. HCV glycoproteins perturb hepatoma polarity, tight junction integrity and stabilize HIF-1α.
(A) Cells were grown for 1, 3 and 5 days and their polarity assessed by measuring MRP-2 (multi-drug resistant protein-2) positive bile canalicular structures/100 nuclei (left) . Cells were allowed to polarize for 5 days and tight junction integrity quantified by enumerating the number of bile canaliculi retaining the fluorescent dye CMFDA (right). (*** = P < 0.001, t test).
(B) HCV glycoproteins and VSV-G stabilize HIF-1α: nuclear HIF-1α (green) was visualized by confocal microscopy; scale bar represents 10μm.
Figure 4. Mechanism(s) of HCV glycoproteins modulation of HepG2 polarity.
(A) HCV glycoprotein expressing cells demonstrate increased migration. HIF-1α inhibitor (NSC) reduced migration and restored tight junction integrity indicating an HIF-1α dependent mechanism.
(B) Representative image of HIF-1α distribution in a HCV cirrhotic nodule, arrow heads indicate the nuclear localization of HIF-1α. Box represents a magnified area from the image
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Synopsis:
To date, the majority of reports have studied HCV replication in hepatocytes or hepatoma-derived cells. However, HCV has been reported to replicate to low levels in non-hepatic cells, suggesting that additional cellular reservoirs exist. In this study, we demonstrate that human brain microvascular endothelium, the major component of the blood-brain barrier (BBB), expresses all major HCV entry receptors. Furthermore, two independently derived brain microvascular endothelial cell lines support HCV entry and replication providing a potential mechanism for HCV to infect the CNS.
Abstract:
Background & Aims: Hepatitis C Virus (HCV) infection leads to progressive liver disease and is associated with a variety of extrahepatic syndromes, including central nervous system (CNS) abnormalities. However, it is unclear whether such cognitive abnormalities are a function of systemic disease, impaired hepatic function, or virus infection of the CNS.
Methods:We measured levels of HCV RNA and expression of the viral entry receptor in brain tissue samples from 10 infected individuals (and 3 uninfected individuals, as controls) and human brain microvascular endothelial cells using quantitative PCR and immunochemical and confocal imaging analyses. HCV pseudoparticles and cell culture-derived HCV were used to study the ability of endothelial cells to support viral entry and replication.
Results: Using quantitative PCR, we detected HCV RNA in brain tissue of infected individuals, at significantly lower levels than in liver samples. Brain microvascular endothelia and brain endothelial cells expressed all of the recognized HCV entry receptors. Two independently derived brain endothelial cell lines, hCMEC/D3 and HBMEC, supported HCV entry and replication. These processes were inhibited by antibodies against the entry factors CD81, scavenger receptor-BI, and Claudin-1; by interferon; and by reagents that inhibit NS3 protease and NS5B polymerase. HCV infection promotes endothelial permeability and cellular apoptosis.
Conclusions: Human brain endothelial cells express functional receptors that support HCV entry and replication. Virus infection of the CNS might lead to HCV-associated neuropathologies.
Figure 1: HCV receptor expression in human brain tissue. Formalin fixed, paraffin embedded sections of normal human brain were stained for the HCV receptors CD81, SR-BI, Claudin-1 or LDL-R (green) together with the endothelial cell-specific marker, von Willebrand Factor (vWF, red). Only brain endothelial cells express all of the receptors required for HCV entry, and in particular, SR-BI expression was restricted to endothelium.
Figure 2: HCVcc infects two independently derived human brain endothelial cell lines, hCMEC/D3 and HBMEC. Two strains of HCVcc, J6/JFH and SA13/JFH, infected brain endothelial cells (A), and this was inhibited by interferon and a panel of protease and polymerase inhibitors (B). HCV infection resulted in a spreading infection of hCMEC/D3 cells (C).
Figure 3: HCV disruption of the blood-brain barrier HCVcc infection resulted in a disruption of tight junction integrity that was partially reversed by anti-HCV antibody (A). HCV infection resulted in TUNEL-positive apoptosis of HCV-positive hCMEC/D3 cells. This was also observed to a lesser extent in Huh-7 hepatoma cells (B).
Figure 4: HCV infected brain endothelial cells release infectious virus. hCMEC/D3, Huh-7 or the non-permissive U87 cell line were incubated with HCVcc SA13/JFH at equivalent multiplicities of infection. After 12 hours, input virus was removed by extensive washing. After 72h, extracellular medium was collected and used to inoculate naïve Huh-7.5 cells. The level of infectious virus released from hCMEC/D3 over an 8 hour period was approximately 10-fold lower than that released from Huh-7 cells. No infectious virus was detected in the medium from non-permissive U87 cells. Furthermore, medium collected after just 12 hours contained no detectable virus, demonstrating that brain endothelial cells go on to release low levels of HCV that are infectious for Huh-7 hepatoma cells.
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Synopsis:
We have previously reported that HCV strain JFH-1 could transmit via cell-free and cell-to-cell routes in vitro. In this study we demonstrate that a diverse panel of chimeric HCVcc viruses representing the seven major genotypes readily transmit in the presence of patient derived antibodies that are able to neutralize cell-free virus infectivity, demonstrating that direct cell-to-cell routes of transmission is a universal property of HCV. We extend these findings by demonstrating that disruption of HCV particle assembly or physical separation of target and producer cells ablates transmission, indicating that intact virions transfer via cell-cell contacts. HCV entry is a complex process that is dependent on host cell molecules: scavenger receptor BI (SR-BI), tetraspanin CD81 and the tight junction proteins Claudin-1 and Occludin.
In this paper we demonstrate that CD81 and both tight junction protein entry factors were required for cell-free and cell-to-cell transmission. However, antibodies and small molecule entry inhibitors targeting SR-BI preferentially inhibit cell-to-cell transmission. Furthermore, increased SR-BI expression in the target cell augments cell-to-cell transmission, suggesting that SR-BI expression levels limit cell-to-cell transmission. These findings shed new light on the strategies employed by HCV to evade the humoral immune response and have major implications for the development of targeted anti-glycoprotein immune therapies and highlight the importance of targeting virus receptors, in particular SR-BI, as a method to curtail HCV transmission and immune evasion.
Abstract:
Hepatitis C virus (HCV) can initiate infection by cell-free particle and cell-cell contact dependent transmission, in this study we use a novel infectious co-culture system to examine these alternative modes of infection. Cell-to-cell transmission is relatively resistant to anti-HCV glycoprotein monoclonal antibodies and polyclonal immunoglobulin isolated from infected individuals, providing an effective strategy to escape host humoral immune responses. Chimeric viruses expressing the structural proteins representing the seven major HCV genotypes demonstrate neutralizing antibody resistant cell-to-cell transmission. HCV entry is a multi-step process involving numerous receptors. In this study we demonstrate that, in contrast to earlier reports, CD81 and the tight junction components Claudin-1 and Occludin are all essential for both cell-free and cell-to-cell viral transmission. However, scavenger receptor BI (SR-BI) has a more prominent role in virus cell-to-cell transmission, with SR-BI specific antibodies and small molecule inhibitors showing preferential inhibition of this infection route. These observations highlight the importance of targeting host cell receptors, in particular SR-BI, to control viral infection and spread in the liver.
The infectious co-culture assay. (A) Summary of the infectious co-culture procedure. (B) Representative data; i) co-culture medium was titrated in a standard infectious assay allowing cell-free infectivity to be quantified as foci forming units per ml (FFU/ml), the histogram displays the infectivity of cell-free virus in the presence of 10µg/ml control or nAb (anti-E2 mAb 9/27). ii) Monitoring newly infected target cell frequency by flow cytometry allows quantification of co-culture transmission. CMFDA labeled producer cells appear to the right of the plot, whereas NS5A positive cells appear in the upper quadrants, the frequency of infected targets is annotated above the appropriate cell population (upper left quadrant). Representative plots of co-culture transmission in the presence of control or nAb are shown.
Diverse HCVcc transmission. Huh-7.5 cells were electroporated with a panel of chimeric JFH-1 HCV RNAs, where the infecting genotype is depicted prior to the strain nomenclature. 72h post electroporation the cells were labeled with CMFDA and co-cultured with Huh-7.5 target cells in the presence of control or cross reactive patient pooled HCV+ IgG at 300µg/ml for 48h. Extracellular media was collected and the levels of infectious virus quantified (A) and the % neutralization by patient HCV+ IgG determined (B). The stacked histogram displays nAb resistant cell-to-cell (white bars) and nAb sensitive transmission (black bars) for each virus (C). All treatments were performed in duplicate and the error bars indicate the standard deviation. The data set is representative of 3 experiments.
Neutralizing antibody resistant HCV transmission requires cell contact The standard H77/JFH co-culture assay was modified either by performing the co-culture at low (0.25x) seeding density or by seeding the target and producer cells on opposing faces of the culture well using a transwell insert. In both cases a 1:1 target:producer ratio was maintained. The frequency of infected target cells in the absence (nAb sensitive) or presence (nAb resistant) of mAb 9/27 at 4µg/ml is shown. The experiments were performed in duplicate and error bars indicate the standard deviation. The data set is representative of 4 experiments.
In summary these data show the key role of cell-cell contacts in HCV spreading infection and the dependance of these events on the HCV co-receptors. These data contrast with our previous report (click here) reflecting the improvements to the assay format which has resulted in improved sensitivity and lower rates of false positives.
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Synopsis:
Viruses initiate infection by attaching to molecules or receptors at the cell surface, whose expression can define cellular or tissue permissivity. Recent evidence shows a number of host cell molecules to be important for Hepatitis C virus (HCV) entry: tetraspanin CD81, scavenger receptor class B member I (SR-BI) and the tight junction proteins Claudin-1 (CLDN1) and occludin. RNA profiling and protein expression studies demonstrate that the HCV entry factors are expressed in a variety of tissues, but with the highest expression in the liver. Reports of cognitive defects and nuclear magnetic resonance abnormalities in HCV infected people led us to screen a series of neural and brain-derived cell lines. We found two independently derived neuroepithelioma cell lines which can support HCV pseudoparticle entry (fig 1) and express all 4 HCV receptors (fig 2). This infection was neutralized by antibodies specific to CD81, SR-BI and CLDN-1 (fig 3), demonstrating a common entry pathway for infection for both neuroepithelioma and hepatoma cell lines. Furthermore, both neuroepithelioma cell lines will support HCVcc infection, though at a 130-330 fold lower level than the Huh-7.5 hepatoma cell line. In summary, these data demonstrate that HCV infection in vitro is not restricted to cells of the liver and raises the possibility of HCV infecting the cells of the CNS.
Abstract:
Background & Aims: Hepatitis C virus (HCV) establishes chronic infections in 3% of the world’s population. Infection leads to progressive liver disease; hepatocytes are the major site of viral replication in vivo. However, chronic infection is associated with a variety of extrahepatic syndromes, including central nervous system (CNS) abnormalities. We therefore screened a series of neural and brain-derived cell lines for their ability to support HCV entry and replication.
Methods: We used a panel of neural-derived cell lines, HCV pseudoparticles (HCVpp), and an infectious, HCV JFH-1 cell-culture system (HCVcc) to assess viral tropism.
Results: Two independently derived neuroepithelioma cell lines (SK-N-MC and SK-PN-DW) permitted HCVpp entry. In contrast, several neuroblastoma, glioma, and astrocytoma cell lines were refractory to HCVpp infection. HCVcc infected the neuroepithelioma cell lines and established a productive infection. Permissive neuroepithelioma cells expressed CD81, scavenger receptor BI (SR-BI), and the tight junction proteins Claudin-1 (CLDN1) and occludin, whereas non-permissive neural cell lines lacked CLDN1 and in some cases SR-BI. HCVpp infection of the neuroepithelioma cells was neutralized by antibodies to CD81, SR-BI, CLDN1 and HCV E2. Furthermore, anti-CD81, interferon and the anti-NS3 protease inhibitor VX-950 significantly reduced HCVcc infection of neuroepithelioma and hepatoma cells.
Conclusions: Neuroepithelioma-derived cell lines express functional receptors that support HCV entry at comparable levels to that of hepatoma cells. HCV infection in vitro is not restricted to liver-derived cells, so HCV might infect cells of the CNS in vivo.
Figure 1. HCVpp infection of neuroepithelioma cells.
HCVpp-H77 (white, left) and VSV Gpp (grey, right) infection of a panel of neurally derived cell lines, with the Huh-7.5 permissive hepatoma cell line and the non-permissive 293T cell line as controls. Data is presented as the mean specific infectivity, where the virus specific RLU is expressed relative to a no env RLU ± SD. The dotted line represents the mean specific infectivity + 3 SD for 293T cells and provides a threshold for defining permissivity to HCVpp entry. This data is representative of two independent experiments. Three of the neuroepithelioma cell lines are clearly infectable (blue).
Figure 2. Viral receptor localization in hepatoma and neuroepithelioma cells. Four of the cell lines in Figure 1 were stained for CD81, CLDN1 and Occludin expression and imaged by laser scanning confocal microscopy. Receptor localization was either at the plasma membrane or intracellular. All 3 receptors are detectable in Huh-7.5, SK-N-MC, MC-IXC and SK-PN-DW but not in U87. The scale bar represents 10µm.
Figure 3: Receptor dependency of HCVpp infection of neuroepithelioma cells.
Huh-7.5 or MC-IXC cells were incubated with 5µg of a neutralizing anti-receptor antibody specific for CD81, SR-BI or CLDN1 Treated cells were incubated with HCVpp-H77 for 72h and luciferase activity measured to assess infectivity. The antibodies show similar activity with both cell types (though anti CLDN1 is more effective in blocking MC-IXC infection) suggesting similar receptor dependencies in liver and brain.
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Synopsis:
Current evidence suggests that CD81, SR-BI and tight junction proteins Occludin and CLDN1 (plus CLDN6 and 9) are critical factors defining HCV entry. We have previously shown that CLDN1 associates with CD81 in a variety of cell types. To ascertain the role of these complexes in HCV entry, we investigated the relationship between various members of the CLDN family and CD81 by employing FRET and stoichiometric imaging methodologies.
Only CLDNs 1, 6, 9 and 12 co-localized with CD81 in a defined organization at the plasma membrane, consistent with a 1:1 molar relationship or stoichiometry, FRET studies confirmed these interactions for CLDNs 1, 6 and 9, but not 12. In contrast, several members of the CLDN family associated with Occludin, independent of viral receptor activity.
Mutation of residues 32 and 48 in CLDN1 ablated its association both with CD81 and viral receptor activity. Importantly, mutation of the same residues in receptor inactive CLDN7 resulted in a protein which associated with CD81 and facilitated viral entry into 293T cells.
The main site of HCV replication is the human liver, where the primary site of infection is the highly polarized Hepatocyte. Since CLDNs associate with other proteins to form tight junctions in polarized cells we investigated the location of CLDN1-CD81 complexes in polarized hepatocyte cell line, HepG2. CLDN1-CD81 complexes were detected at the basolateral surface of polarized HepG2 cells but were absent from apically located tight junctions. This observation is consistent with a model where virus engagement of CLDN1-CD81 at the basolateral surface initiates the particle internalization process.
Abstract:
Viruses initiate infection by attaching to molecules or receptors at the cell surface. Hepatitis C virus (HCV) enters cells via a multi-step process involving tetraspanin CD81, scavenger receptor class B member I (SR-BI) and the tight junction proteins Claudin-1 and Occludin. CD81 and SR-BI interact with HCV encoded glycoproteins, suggesting an initial role in mediating virus attachment. In contrast, there is minimal data supporting Claudin-1 association with HCV particles, raising questions on its role in the virus internalization process. In the present study we demonstrate a relationship between receptor active Claudins and their association and organization with CD81 at the plasma membrane by FRET and imaging methodologies. Mutation of residues 32 and 48 in the Claudin-1 first extracellular loop ablates CD81 association and HCV receptor activity. Furthermore, mutation of the same residues in the receptor inactive Claudin-7 molecule enabled CD81 complex formation and virus entry, demonstrating an essential role for Claudin-CD81 complexes in HCV infection. Importantly, Claudin-1 associated with CD81 at the basolateral membrane of polarized HepG2 cells, whereas tight junction associated pools of Claudin-1 demonstrated a minimal association with CD81. In summary, we demonstrate an essential role for Claudin-CD81 complexes in HCV infection and their localization at the basolateral surface of polarized hepatoma cells, consistent with virus entry into the liver via the sinusoidal blood and association with basal expressed forms of the receptors.
Figure 1: Analysis of CLDN-CD81 interactions. 293T cells were made to express a red-tagged CD81 (DsRED-CD81, r.CD81) with a diverse panel of green tagged CLDNs (AcGFP-CLDN, g.CLDN). The association of r.CD81 with each g.CLDN was evaluated by regression analysis. Representative scatter plots illustrating the relationship for each r.CD81-g.CLDN pair are shown. The modest association seen for CLDN12 was not confirmed by FRET (which detects proteins < 10nm apart).
Only the known HCV receptors, CLDN1, CLDN6 and CLDN9 show any real association with CD81.
Figure 2: Effect of mutations in CLDN1 and CLDN7 EC1 on CD81 and Occludin association. 293T cells were transfected to express AcGFP (g) and DsRED (r) fluorescent tagged wild type and mutant forms of g.CLDN and r.CD81 (A) or r.Occludin (B) and the degree of association between fluorophore tagged proteins assessed by FIR and FRET analysis. (C) 293T cells were transfected with AcGFP and DsRed tagged versions of wild type and mutant CLDN constructs to assess the effect of EC1 mutations on CLDN-CLDN cis-interactions. Median FIR and FRET values from ten individual cells are presented.
Receptor inactivating mutations of CLDN1 lost association with CD81, whereas the complementary activating mutations in CLDN7 gained CD81 association.
Figure 3: Effect of cell polarization on CLDN1-CD81 and CLDN1-CLDN1 association. HepG2 cells transfected to express AcGFP (g) and DsRED (r) fluorescent tagged g.CLDN-r.CD81 and g.CLDN1-r.CLDN1 were allowed to polarize over a period of three days. Apical bile canalicular structures were identified by staining with anti-ZO-1 and visualized with an alexa-633 (red) conjugated secondary anti-rabbit Ig (A). Representative scatter plots of g.CLDN-r.CD81 and g.CLDN1-r.CLDN1 at the basolateral surface (B) and tight junction (C) are shown.
FRET occured between g.CLDN1-r.CLDN1 at both basolateral and tight junctions. Basolateral membrane pools of g.CLDN1-r.CD81 demonstrated a 25% FRET, in contrast r.CD81 was largely excluded from tight junctions, with no detectable CLDN1-CD81 complexes (<1% FRET).
In summary, CLDN1 homotypic association(s) were comparable at the basolateral and tight junction membranes of polarized HepG2 cells, however g.CLDN1-r.CD81 association was not detected in the tight junction domains of HepG2 cells. These data are consistent with our previous report (click here) demonstrating a role for basolateral pools of CLDN1 in HCV infection.
Hepatitis C virus infection reduces hepatocellular polarity in a vascular endothelial growth factor dependent manner.
Christopher J Mee, Michelle J Farquhar, Helen J Harris, Wenda Ramma, Asif Ahmed, Patrick Maurel, Roy Bicknell, Peter Balfe and Jane A McKeating.
Gastroenterology 138:1134-42. 2010
Synopsis:
Vascular endothelial growth factor (VEGF) was originally discovered because of its effect(s) on endothelial cell permeability. Its critical role in pathological angiogenesis has lead to the development and clinical testing of VEGF inhibitors to limit tumour growth. However, recent research suggests a diversity of roles for VEGF in maintaining normal adult tissue. We found a role for VEGF in regulating hepatocyte tight junction integrity, polarity and permissivity to HCV infection. Neutralization of endogenous VEGF expressed by the hepatoma cell line HepG2, promotes polarization and significantly inhibits HCV entry, confirming that an autocrine pathway is in operation. HCV infection increases primary hepatocyte and hepatoma VEGF expression, which reduces their polarity. Importantly, VEGF antagonists restore the ability of infected hepatoma cells to polarize.
Our data support a model where HCV upregulation of VEGF expression induces a localized disruption of hepatocellular tight junctions that promotes viral transmission in the liver, providing a potential therapeutic opportunity for the use of VEGF antagonists to treat chronic hepatitis C infection.
Abstract:
Background and aims: Hepatitis C virus (HCV) infection leads to progressive liver disease, frequently culminating in fibrosis and hepatocellular carcinoma. The mechanisms underlying liver injury in chronic hepatitis C are poorly understood. This study evaluated the role of vascular endothelial growth factor (VEGF) in hepatocyte polarity and HCV infection.
Methods: We utilized polarized hepatoma cell lines and the recently described infectious HCV JFH-1 cell culture system to study the role of VEGF in regulating hepatoma permeability and HCV infection.
Results: VEGF negatively regulates hepatocellular tight junction (TJ) integrity and cell polarity by a novel VEGF receptor 2 dependent pathway. VEGF reduced hepatoma TJ integrity, induced a re-organization of occludin and promoted HCV entry. Conversely, inhibition of hepatoma expressed VEGF with the receptor kinase inhibitor Sorafenib or with neutralizing anti-VEGF antibodies promoted polarization and inhibited HCV entry, demonstrating an autocrine pathway. HCV infection of primary hepatocytes or hepatoma cell lines promoted VEGF expression and reduced their polarity. Importantly, treatment of HCV infected cells with VEGF inhibitors restored their ability to polarize, demonstrating a VEGF-dependent pathway.
Conclusion: Hepatic polarity is critical to normal liver physiology. HCV infection promotes VEGF expression that depolarizes hepatoma cells, promoting viral transmission and lymphocyte migration into the parenchyma that may promote hepatocyte injury.
Figure 1: VEGF regulates hepatocellular TJ integrity and polarity.
A. HepG2 cells were allowed to polarize for 3 days before treating with VEGF-A for 24h. Cells were fixed in 3% paraformaldehyde and stained for the BC-expressed marker MRP2 to quantify polarity or incubated with CMFDA to measure TJ barrier function. The polarity index was assessed by quantifying the number of MRP2-positive BC per 100 nuclei for five fields of view on three replicate coverslips. TJ barrier function was measured by quantifying the number of BC retaining CMFDA compared to total BC in a minimum of five fields of view on three replicate coverslips.
B. WIF-B9 cells were grown for a minimum of 11 days to develop „hepatic‟ polarity and treated with VEGF-A for 24h, polarity and TJ integrity assessed as before.
C. HepG2, WIF-B9, primary human hepatocytes (PHH) from two independent donors and LSEC were plated and the extracellular media collected from 100,000 cells over a 24h time period and assessed for VEGF using a human VEGF ELISA.
D. Polarized HepG2 cells were incubated in serum free DMEM for 4h before treatment with control DMSO, neutralizing anti-VEGF-A antibody VG76e (1.3 mg/ml) or receptor kinase antagonist Sorafenib (10nM) for 24h. Cells were fixed and their polarity index measured. * P <0.01 (t test).
Figure 2: VEGF regulates HCV entry into polarized HepG2 cells.
A. HepG2-CD81 cells at 3 days post-plating were untreated or treated with VEGF-A (10ng/ml) or VEGF-E (10ng/ml) for 1h and challenged with HCVcc J6/JFH (black bars); HCVpp (white bars) or MLVpp (gray bars). * P <0.01 (t test).
B. HepG2-CD81 cells at 3 days post-plating were untreated or treated with neutralizing anti-VEGF-A antibody VG76e (1.3mg/ml) or receptor kinase antagonist Sorafenib (10nM) for 16h and challenged with HCVcc J6/JFH (black bars); HCVpp (white bars) or MLVpp (gray bars). Infectivity is expressed relative to control. ** P <0.001 (t test).
Figure 3: HCV infection increases VEGF expression that reduces hepatoma polarity.
A. HepG2-CD81, Huh-7.5 and primary human hepatoctytes (PHH) from two donors were inoculated with mock or HCVcc J6/JFH inocula, pre-titrated to achieve comparable levels of infection in the different target cells. Infected HepG2-CD81, Huh-7.5 and PHH cells contained 2.6x107, 2.9x107 and 1.9x107 HCV RNA copies/106 cells, respectively. Extracellular media was collected from 100,000 uninfected (white bars) or HCV infected cells (black bars) over a period of 24h and assessed for VEGF expression using a human VEGF-A ELISA. * P < 0.01, ** P < 0.001, *** P < 0.0001 (t test).
B. HepG2-CD81 cells were infected with mock or HCV J6/JFH for 4h, unbound virus removed by extensive washing and the cells untreated or treated with anti-VEGF-A antibody VG76e (1.3mg/ml) or Sorafenib (10nM) for 48h. Cells were fixed and the frequency of NS5A+ and polarized cells in duplicate coverslips assessed. Less than 2% of infected HepG2-CD81 cells expressed NS5A antigen at 48h post infection. Relative polarity is presented as the increase in polarized cells over 48h for uninfected (white bars) and J6/JFH infected (black bars) cells. **P <0.001 (t test).
Hepatoma cell density promotes Claudin-1 and SR-BI expression and hepatitis C virus internalization.
Anne K Schwarz, Joe Grove, Ke Hu, Christopher J Mee, Peter Balfe and Jane A McKeating.
J. Virol. 83:12407-14. 2009.
Synopsis:
Recent evidence has shown that a number of host cell molecules acting together are the key for HCV entry: these are the tetraspanin CD81, the scavenger receptor class B member I (SR-BI), the tight junction (TJ) protein Claudin (CLDNs 1, 6 or 9), and, most recently, occludin. HCV enters cells via a pH and clathrin dependent endocytic pathway, however the exact role(s) played by each of the 4 host cell molecules in the entry process are unclear.
In this study we demonstrate that cellular contact increases SR-BI and CLDN1 expression levels and promotes HCV internalization. We found that CLDN1 over expression in sub-confluent cells was unable to recapitulate this effect, whereas increased SR-BI expression enhanced virus internalization rates and led to accelerated escape from neutralizing antibodies. These observations illustrate the critical and rate-limiting role of SR-BI in HCV infection.
Abstract:
Hepatitis C virus (HCV) entry occurs via a pH- and clathrin dependent endocytic pathway and requires a number of cellular factors including CD81, the tight junction proteins Claudin-1 (CLDN1) and occludin, and the scavenger receptor (SR-BI). HCV tropism is restricted to the liver, where hepatocytes are tightly packed. Here we demonstrate that SR-BI and CLDN1 expression is modulated in confluent human hepatoma cells, with both receptors being enriched at cell-cell junctions. Cellular contact increased HCVpp and HCVcc infection and accelerated the internalization of cell-bound HCVcc, suggesting that the cell contact modulation of receptor levels may facilitate the assembly of receptor complexes required for virus internalization. CLDN1 overexpression in sub-confluent cells was unable to recapitulate this effect, whereas increased SR-BI expression enhanced HCVpp entry and HCVcc internalization, demonstrating a rate-limiting role for SR-BI in HCV internalization.
Cell density and receptor expression.
A. Sub-confluent and confluent cells were stained with antibodies specific for CD81, CLDN1 and SR-BI. B. Linear profile histograms, where arrows indicate plasma membrane staining. C. Receptor expression at the plasma membrane (black bars) and cytoplasm (white bars) at low (left) and high (right) density. D. Western blot analysis of protein expression in sub-confluent (SC) and confluent (C) Huh-7.5 cells. E. CD81, CLDN1, SR-BI, OCLN and the tight junction protein ZO-1 expression was quantified in Huh-7.5 cells when sub-confluent (SC-white bars), confluent (C - gray bars) or post confluent (+ 2 days, black bars). Receptor expression at the various time points is plotted relative to confluent cells.
CLDN1 and of SR-BI show a clear increase in expression as cell density increases, whereas the other proteins tested do not.
CLDN1 and SR-BI overexpression in Huh-7.5 cells.
A. Parental and pTRIP transduced cells were plated at a standard seeding density and 26h later stained with antibodies specific for CLDN1 or SR-BI. B. Receptor expression levels at the plasma membrane (black bars) and cytoplasm (white bars) were determined by linear profile plot analysis. C. Parental or transduced cells at the same seeding density were infected with HCVcc (JFH-1) at an approximate multiplicity of infection of 0.3 for 1h. and the levels of infection determined by staining for NS5A+ foci at 48h post infection. Overexpression of SR-BI leads to an increase in infection.
Effect of CLDN1 and SR-BI overexpression on JFH-1 entry kinetics
Huh-7.5 cells over-expressing CLDN1 (A) or SR-BI (B) were incubated with HCVcc (JFH-1) at an approximate multiplicity of infection of 0.3 for 1h on ice. Entry was initiated by elevating the temperature to 37°C, after the times indicated infection was neutralized with an anti-E2 antibody (C1). NS5A+ foci were enumerated 48h post infection, and the percentage of C1-resistant particles calculated relative to the infectivity measured at the 2h time point.
Viral entry and escape from neutralization is clearly faster in the SR-BI over-expressing cells.
Polarization restricts hepatitis C virus entry into HepG2 hepatoma cells.
Mee, C. J., H. J. Harris, M.J. Farquhar, G. Wilson, C. Davis, S.C.D. van IJzendoorn, P. Balfe, and J. A. McKeating. J Virol 83:6211-21. 2009
Synopsis:
Previously, we have shown that epithelial cell polarity effects HCV viral entry (Mee et al, 2008), using a hepatic derived cell line we have gone on to study the role of a liver-like polarized cell phenotype on HCV entry.
Hepatocytes are believed to be the primary reservoir for hepatitis C virus (HCV) replication in vivo and are known to be highly polarized, with tight-junctions (TJ) separating their basolateral (sinusoidal) and apical (canalicular) domains. The hepatoma cell line HepG2 develops polarity over time, resulting in the formation and subsequent re-modeling of bile canalicular (BC) structures where the apical cell surface is separated from the basal membrane via functional TJs. As such, HepG2 cells provide a model system to study the effects of hepatic polarity on HCV entry. Our findings illustrate that complex hepatic polarity alters the localization of HCV receptors and limits HCV entry. This leads us to suggest a role for liver damage, which results in depolarization, in making hepatocytes receptive to viral entry.
Abstract:
The primary reservoir for hepatitis C virus (HCV) replication is believed to be hepatocytes, which are highly polarized with tight junctions (TJ) separating their basolateral and apical domains. HepG2 cells develop polarity over time, resulting in the formation and remodeling of bile canalicular (BC) structures. HepG2 cells expressing CD81 provide a model system to study the effects of hepatic polarity on HCV infection. We found an inverse association between HepG2-CD81 polarization and HCV pseudoparticle entry. As HepG2 cells polarize, discrete pools of claudin-1 (CLDN1) at the TJ and basal/lateral membranes develop, consistent with the pattern of receptor staining observed in liver tissue. The TJ and nonjunctional pools of CLDN1 show an altered association with CD81 and localization in response to the PKA antagonist Rp-8-Br-cyclic AMPs (cAMPs). Rp-8-Br-cAMPs reduced CLDN1 expression at the basal membrane and inhibited HCV infection, supporting a model where the nonjunctional pools of CLDN1 have a role in HCV entry. Treatment of HepG2 cells with proinflammatory cytokines, tumor necrosis factor alpha and gamma interferon, perturbed TJ integrity but had minimal effect(s) on cellular polarity and HCV infection, suggesting that TJ integrity does not limit HCV entry into polarized HepG2 cells. In contrast, activation of PKC with phorbol ester reduced TJ integrity, ablated HepG2 polarity, and stimulated HCV entry. Overall, these data show that complex hepatocyte-like polarity alters CLDN1 localization and limits HCV entry, suggesting that agents which disrupt hepatocyte polarity may promote HCV infection and transmission within the liver.
Effect of HepG2 polarity on HCV entry. (A) HepG2 cells were grown for 1, 3, or 5 days, fixed in 3% paraformaldehyde, and stained for the BC-expressed marker MRP2. The polarity index was assessed by quantifying the number of MRP2-positive BC per 100 cell nuclei for five fields of view on three replicate coverslips. (B) The BC in polarized HepG2 cells were assessed for both "barrier" and "fence" functions. Cells were incubated with either C6-NBD-SM, to measure fence function, or CMFDA, which measures barrier function. Restriction of C6-NBD-SM to the basal plasma membrane and restriction of CMFDA to the BC indicate that polarized HepG2 cells have functional TJs. (C) HCVcc J6/JFH was used to infect HepG2-CD81 cells at 1, 3, or 5 days postplating. Infected cells were visualized after 72 h (NS5A staining), and infectivity (focus forming units/milliliter) was calculated. **, P < 0.001; ***, P < 0.0001 (t test). (D) HCVpp (white bars) and MLVpp (black bars) infection of HepG2-CD81 cells at 1, 3, or 5 days postplating. Infectivity is expressed relative to HepG2 cells infected immediately after plating _ SD. **, P < 0.001 (t test).
Localization of viral receptors in HepG2 cells and liver tissue. (A) HepG2-CD81 cells were seeded onto glass coverslips at a density resulting in polarized and nonpolarized cells in the population. Cells were dual-stained with antibodies specific for CD81, SR-BI, CLDN1, and OCLN and visualized by confocal microscopy. Bar, 10 μm. (B) Liver sections (3 μm) were cut from paraffin blocks of formalin-fixed tissue and stained with mouse MAbs to CD81, SR-BI, CLDN1, and OCLN. Tissue morphology is shown by arrows, along with sinusoidal endothelium (SE), hepatocytes (H), and cell surfaces (white arrows) on apical canaliculi (A) and basolateral membranes (B).
Effect(s) of HepG2 polarization on CD81 and CLDN1 localization. (A) HepG2 cells transduced to express AcGFP.CLDN1 and DsRED.CD81 were seeded onto glass coverslips. The cells were fixed 1 day postplating, stained for TJs with an antibody to OCLN, and visualized by confocal microscopy. Bars, 20 μm. (B) Quantification of plasma membrane-expressed pools of AcGFP.CLDN1 and DsRED.CD81. Shown are scatter plots of AcGFP.CLDN1 and DsRED.CD81 fluorescent intensity/pixel/cell at plasma membrane locations in polarized and nonpolarized cells. Intensity is presented as arbitrary fluorescence units (AFU).
Hepatitis C virus association with peripheral blood B lymphocytes potentiates viral infection of liver derived hepatoma cells
Zania Stamataki, Claire Shannon-Lowe, Jean Shaw, David Mutimer, Alan Rickinson, John Gordon, David H Adams, Peter Balfe and Jane A McKeating. Blood 113:585-93, 2009.
Synopsis:
Hepatitis C is a complex liver infection that some individuals clear spontaneously, yet most people fail to eliminate the virus and become chronically infected (see diagram 1). The reasons for this are not clear. Our work focuses on the humoral and cellular components of immune responses to HCV, with a special interest in B cells (see diagram 2).
We recently demonstrated in collaboration with Chiron (Novartis) that rodents immunised with vaccines prepared from viral envelope glycoproteins could elicit neutralizing responses (Stamataki, 2007).
To further investigate the role of B lymphocytes in infection, we showed that B cells do not become infected with HCV, yet they can internalize the virus, protect it from neutralizing antibodies. B cells can also deliver HCV to hepatocytes in vitro in a highly infectious form.
Our current experiments address the mechanism of HCV interplay with lymphocytes in the context of the liver.
Abstract:
Hepatitis C virus (HCV) primarily replicates within the liver, leading to hepatitis, fibrosis and hepatocellular carcinoma. Infection is also associated with B cell abnormalities, suggesting an association of the virus with B cells. The infectious JFH-1 strain of HCV can bind primary and immortalised B cells but fails to establish productive infection. However, B cell-associated virus readily infects hepatoma cells showing an enhanced infectivity compared to extracellular virus. B cells express the viral receptors CD81, SR-BI and the C-type lectins DC-SIGN and L-SIGN. Antibodies specific for SR-BI and DC-SIGN/L-SIGN reduced B cell trans-infection, supporting a role for these molecules in B cell association with HCV. Stimulation of B cells with CD40 ligand and IL-4 promoted their ability to trans-infect hepatoma cells. B cell-associated virus is resistant to trypsin proteolysis and HCV specific neutralizing antibodies, consistent with particle internalization. HCV promoted the adhesion of primary B cells to Huh-7 hepatomas, providing a mechanism for B cell retention in the infected liver. In summary, B cells may provide a vehicle for HCV to persist and transmit to the liver.
The process of HCV infection.
The role of B cells in HCV infection.
B cells do not support viral replication but protect the virus from enzymatic degradation and antibody neutralization
B cells do support viral trans-infection
Identification of a residue in hepatitis C virus E2 glycoprotein that determines scavenger receptor BI and CD81 receptor dependency and sensitivity to neutralizing antibodies.
Grove, J., Nielsen, S., Zhong, J., Bassendine, M. F., Drummer, H. E., Balfe, P. and McKeating, J. A.
J. Virol. 82:12020-29, 2008
Synopsis:
With 170 million infected individuals worldwide, Hepatitis C Virus (HCV) poses a global health problem. The primary site of virus replication is the liver, leading to progressive disease often culminating in life threatening conditions such as hepatocellular carcinoma. HCV has a propensity to persist, with 70-80% of infected individuals failing to clear the virus. Precisely how the virus achieves this is unclear, current evidence suggests it has adopted numerous strategies to evade host immune responses. Intriguingly, HCV associates with host lipoproteins to form lipo-viro-particles (LVPs). These structures are predicted to exhibit the characteristics of both lipoproteins and virus particles, suggesting that HCV exploits hepatic physiology to adopt a "wolf in sheep's clothing" strategy to aid viral transmission and persistence. Recent evidence suggests that HCV entry is dependent on at least three cellular entry factors: a tetraspanin, CD81; a lipoprotein receptor, Scavenger Receptor B-I (SR-BI) and the tight junction protein Claudin-1. How these molecules coordinate HCV entry and the role(s) of particle associated lipoproteins in this process is unknown.
It is becoming increasingly clear that HCV entry involves a complex interplay between 1) the virus encoded structural proteins; 2) lipoprotein components (apoproteins) and 3) host cellular receptors. This interdependence suggests that HCV is exquisitely adapted to its host environment, making it difficult to study any one aspect in isolation. Indeed, this conclusion is supported by our recent observation that a single amino acid change (G451R) within the second viral envelope glycoprotein (E2) significantly altered particle characteristics. This adaptive mutation modulated SR-BI/CD81 co-receptor dependence, disrupted the relationship between infectivity and particle-associated lipoproteins and increased the sensitivity of virus to neutralisation by glycoprotein-specific antibodies. These studies highlight the resistance of HCV LVPs to neutralising antibodies, suggesting that particle association with lipoproteins may help HCV evade the humoral immune response.
Abstract:
HCV infection is dependent on at least three co-receptors, CD81, scavenger receptor BI (SR-BI) and claudin-1. The mechanism of how these molecules coordinate HCV entry is unknown. In this study we demonstrate that a cell culture adapted JFH-1 mutant, with an amino acid change in E2 at position 451 (G451R), has a reduced dependency on SR-BI. This altered receptor dependency is accompanied by an increased sensitivity to neutralization by soluble CD81 and enhanced binding of recombinant E2 to cell surface expressed and soluble CD81. Fractionation of HCV by density gradient centrifugation allows the analysis of particle-lipoprotein associations. The cell culture adapted mutation alters the relationship between particle density and infectivity, with the peak infectivity occurring at higher density than the parental virus. No association was observed between particle density and SR-BI or CD81 co-receptor dependence. JFH-1 G451R is highly sensitive to neutralization by gp-specific antibodies, suggesting increased epitope exposure at the virion surface. Finally, an association was observed between JFH-1 particle density and sensitivity to neutralizing antibodies (nAbs), suggesting that lipoprotein association reduces the sensitivity of particles to nAbs. In summary, mutation of E2 at position 451 alters the relationship between particle density and infectivity, disrupts co-receptor dependence and increases virion sensitivity to receptor mimics and nAbs. Our data suggest that a balanced interplay between HCV particles, lipoprotein components and viral receptors allows the evasion of host immune responses.
JFH-1 G451R is insensitive to neutralization by anti-SR-BI serum.
JFH-1 G451R is 50 fold more sensitive to antibody mediated neutralization.
Low density, lipoprotein like, JFH-1 wt particles are less sensitive to antibody mediated neutralisation.
Protein Kinase A dependent step(s) in Hepatitis C virus entry and infectivity
Farquhar M.J., H.J. Harris, M. Diskar, S. Jones, C.J. Mee, S.U. Nielsen, C.L. Brimacombe, S. Molina, G.L. Toms, P. Maurel, J. Howl, F.W. Herberg, S.C. van IJzendoorn, P. Balfe and J.A. McKeating
J Virol 82: 2008.8797-811
Pubmed link
Synopsis:
In this study we investigated a role for protein kinase signaling in HCV infection by examining the effect of kinase inhibitors and antagonists on viral entry, replication and the release of infectious particles. Inhibition of PKA led to a redistribution of CLDN1 from the plasma membrane and a concomitant reduction in viral entry, confirming the importance of CLDN1 localization at the plasma membrane for viral receptor activity. In addition, we reveal a role for PKA in regulating the infectivity of cell-free virus particles and demonstrate increased levels of cAMP and PKA substrates in HCV infected cells, supporting a model where infection activates PKA in a cAMP-dependent manner to promote virus release and transmission.
Abstract:
Viruses exploit signaling pathways to their advantage during multiple stages of their life cycle. We demonstrate a role for protein kinase A (PKA) in the Hepatitis C virus (HCV) life cycle. Inhibition of PKA with H89, cAMP antagonists or the protein kinase inhibitor peptide (PKI) reduced HCV entry into Huh-7.5 hepatoma cells. BRET methodology allowed us to investigate the PKA isoform specificity of the cAMP antagonists in Huh-7.5 cells, suggesting a role for PKA type II in HCV internalization. Since viral entry is dependent on host cell expression of CD81, scavenger receptor BI and Claudin-1 (CLDN1), we studied the role of PKA in regulating viral receptor localization by confocal imaging and FRET analysis. Inhibiting PKA activity in Huh-7.5 cells induced a reorganization of CLDN1 from the plasma membrane to intracellular vesicular location(s) and disrupted FRET between CLDN1 and CD81, demonstrating the importance of CLDN1 expression at the plasma membrane for viral receptor activity. Inhibiting PKA activity in Huh-7.5 cells reduced the infectivity of extracellular virus without modulating the level of cell-free HCV RNA, suggesting that particle secretion was not affected but specific infectivity was reduced. Viral particles released from H89 treated cells displayed the same range of buoyant densities as from control cells, suggesting that viral protein association with lipoproteins is not regulated by PKA. HCV infection of Huh-7.5 cells increased cAMP levels and phosphorylated PKA substrates, supporting a model where infection activates PKA in a cAMP-dependent manner to promote virus release and transmission.
Inhibition of PKA attenuates HCV infection. (A-B) Dose-dependent reduction of HCVcc infection by inhibition of PKA. Huh-7.5 cells were incubated for 1h with increasing concentrations of the PKA inhibitors H89 (A) or myrPKI (B) and infected with J6/JFH (☐) or JFH-1 (△). (C-D) Dose-dependent reduction of HCVpp entry by inhbition of PKA. Huh-7.5 cells were incubated for 1h with increasing concentrations of the PKA inhibitors H89 (C) or myrPKI (D) and infected with HCVpp-JFH-1 (white bars) or MLVpp (black bars). Infectivity is expressed relative to untreated control cells and represents the mean of three replicate infections.
Inhibition of PKA disrupts CLDN1 localization in Huh-7.5 cells. Huh-7.5 cells were seeded onto glass coverslips and incubated with DMSO (control), H89 (PKA inhibitor-10 μM), FK (PKA activator-10 μM), Rp-cAMPS (PKAII-inhibitor 500 μM) or Rp-8-Br-cAMPS (PKAI inhibitor 500 μM). Cells were fixed and stained for CLDN1 or CD81. Nuclei were visualized using DAPI. Laser scanning confocal microscopic images were obtained using a 63x 1.2NA objective (scale bar represents 10 μm).
Dose-dependent reduction in extracellular HCV infectivity by PKA inhibition. J6/JFH (☐) and JFH-1 (△) infected Huh-7.5 cells were seeded in 48 well plates and the following day incubated with increasing concentrations H89 (A) or myrPKI (B). Cells were extensively washed, supernatant collected after 1h and the infectivity quantified. Virus infectivity was determined by infection of naïve Huh-7.5 cells and NS5A positive cells enumerated. Infectivity is expressed relative to control untreated cells and represents the mean of three replicate infections.
HCV infection increases cAMP levels and PKA activity. (A) cAMP levels were measured in uninfected, J6/JFH and JFH-1 infected Huh-7.5 cells 72h post infection. As a control, Huh-7.5 cells were incubated with Forskolin (FK, 10 µM) a compound known to activate adenyl cyclase and increase cAMP levels. cAMP levels are shown relative to control untreated cells and represent data from the mean of three replicate wells. (B) PKA activity was assessed by measuring the reactivity of an anti-PKA substrate specific antibody (p-PKAs) with 10 μg of total protein separated by SDS PAGE from control (lane 1), FK (10 µM) stimulated (lane 2) and JFH-1 infected (72h post infection) (lane 3) Huh-7.5 cells. (C) Uninfected and (D) JFH-1 infected (72h post infection) Huh-7.5 cells were incubated with FK or H89 for 1h (H89 > FK indicates a 1h pre-incubation with H89 prior to FK treatment), fixed and stained with the PKA substrate specific antibody (p-PKAs) (green). JFH-1 infected cells were visualised by staining for NS5A (red) and nuclei counter stained with DAPI (blue). Laser scanning confocal microscopic images were obtained using a 63x 1.2NA objective (scale bar represents 10 μm).
CD81 and Claudin 1 co-receptor association: a role in hepatitis C virus entry
Harris H.J., M.J. Farquhar, C.J. Mee, C. Davis, G.M. Reynolds, A. Jennings, K. Hu , F. Yuan, H. Deng, S.G. Hubscher, J.H. Han, P. Balfe and J.A. McKeating J Virol 82:5007-20. 2008.
Synopsis:
Fluorescently tagged AcGFP.CD81 (g.CD81) and DsRed.Claudin1 (r.CLDN1) were investigated with confocal microscopy and fluorescence resonance energy transfer (FRET) analysis in various cell types demonstrating protein association, consistent with the formation of co-receptor complexes. FRET between cell surface expressed g.CD81 (donor) and r.CLDN1 (acceptor) occurred in Huh-7.5, 293T cells transduced to express CLDN1 and T84 colorectal carcinoma cells, suggesting that co-receptor localization and association is not unique to cells which support HCV entry. The transduction of some cell types (Hela, WIF-B) to express exogenous CLDN1 leads to an accumulation of the protein within cells and no detectable cell surface expression, consistent with an inability to support HCVpp entry. However, interpreting data from cells where CLDN1 demonstrates incorrect localization is fraught with difficulties. In contrast, identification of non-permissive cells with native patterns of CLDN1 and CD81 localization, supports the conclusion that co-receptor localization and FRET defined association does not predict cellular permissivity to HCV infection.
Abstract:
Hepatitis C virus (HCV) is an enveloped positive-stranded RNA hepatotropic virus. HCV pseudoparticles infect liver derived cells, supporting a model where liver specific molecules define HCV internalization. Three host cell molecules have been reported to be important entry factors or receptors for HCV internalization: scavenger receptor BI (SR-BI), the tetraspanin CD81 and the tight junction protein Claudin-1 (CLDN1). None of the receptors are uniquely expressed within the liver leading us to hypothesize that their organization within hepatocytes may explain receptor activity. Since CD81 and CLDN1 act as co-receptors during late stages in the entry process, we investigated their association in a variety of cell lines and human liver tissue. Imaging techniques have been developed that take advantage of fluorescence resonance energy transfer (FRET) to study protein-protein interactions. AcGFP and DsRed tagged forms of CD81 and CLDN1 co-localize and FRET occurred between the tagged co-receptors at comparable frequencies in permissive and non-permissive cells, consistent with the formation of co-receptor complexes. FRET occurred between antibodies specific for CD81 and CLDN1 bound to human liver tissue, suggesting the presence of co-receptor complexes in liver tissue. HCV infection and treatment of Huh-7.5 cells with recombinant HCV E1E2 glycoproteins and anti-CD81 monoclonal antibody modulated homotypic (CD81-CD81) and heterotypic (CD81-CLDN1) co-receptor protein association(s) at specific cellular locations, suggesting distinct roles in the viral entry process.
Characterization of fluorescently N terminus-tagged CD81 and CLDN1. (A) HepG2 and 293T cells were transduced with retroviral vector pTRIP or pBABE expressing CD81, r.CD81, g.CD81, CLDN1, r.CLDN1, g.CLDN1, CLDN4, or r.CLDN4 and infected with HCVpp-H77, MLVpp, or env-pp. Data are expressed as levels of specific infectivity and represent the mean luciferase levels (relative light units [RLU]) determined from replicate infections, with the Env-pp value subtracted (270 RLU for HepG2 cells and 360 RLU for 293T cells). HepG2 cells expressing r.CD81 (B) or 293T cells expressing r.CLDN1 (C) were stained with antibodies specific for CD81 or CLDN1 respectively. Linear profiling of the fluorescence signal emitted by the tagged protein (black line) and the indirect fluorescence signal from antibody staining (gray line) is shown. The mean fluorescence intensities from fluorescently tagged proteins (r.CD81 and r.CLDN1) and from antibody-stained (anti-CD81 and anti-CLDN1) receptors were obtained by profiling 50 cells. Regions were defined as the nonjunctional Plasma Membrane (PM, black bar), Intracellular (white bar) or Cellular Junctions (CJ, gray bar). All cells were imaged under the same conditions, and the data expressed as arbitrary fluorescence units (F).
Effect of HCV gps on FRET between fluorescently N terminus-tagged CD81 and CLDN1 and viral infectivity. (A) Huh-7.5 cells were incubated with mock or E1-E2 gps at 37°C for 1h and bound protein visualized with anti-E2 1/39 and anti-rat TRITC (red). (B) Huh-7.5 cells expressing g.CD81/r.CLDN1 were incubated with increasing concentrations of E2715 or E1-E2 (0.03 to 1 µM) for 1h at 37°C and fixed in ice-cold methanol, areas of colocalization were selected for FRET analysis. FRET-inferred distances between CD81 and CLDN1 at the nonjunctional PM and CJs were determined. %FRET was unchanged by E2715 or E1-E2 treatments (data not shown); however, E1-E2 reduced the estimateddistance between g.CD81 and r.CLDN1 (**, P + 0.05 [Dunn's test]). (C) Huh-7.5 cells expressing g.CD81/r.CD81 were incubated with a saturatingconcentration (1.0 'M) of E2715 or E1-E2 for 1 h at 37°C and fixed in ice-cold methanol, and areas of colocalization at the nonjunctional PM (black bars) and CJs (gray bars) were selected for FRET analysis. E2715 or E1-E2 treatment(s) had no detectable effect on %FRET and distance(s) between g.CD81 and r.CD81 in comparison to control values. (D) Control or E2715 or E1E2 treated cells were infected for 1h with HCVcc JFH-1, HCVpp-H77, or MLVpp. Unbound virus was removed by washing, and cells incubated for 72h. For HCVcc JFH-1, results are the means from three replicate infections and expressed as relative infectivities compared to the infection of control cells; for HCVpp and MLVpp, specific infectivities are shown and represent the mean luciferase levels (relative light units [RLU]) determined from three replicate infections, with the average Env-pp value subtracted (420 RLU). Incubation with E1-E2 significantly reduced HCVcc and HCVpp relative infectivities (* p < 0.05 - Dunn's test).
Effect of cell polarization on hepatitis C virus entry
HMee, C. J., J. Grove, H. J. Harris, K. Hu, P. Balfe, and J. A. McKeating. J Virol 82:461-70. 2008
Synopsis:
The recent identification of CLDNs as critical factors important for HCV internalization highlighted the importance of studying the effect(s) of TJ formation and cell polarization on HCV entry. We demonstrate that HCV can infect both non-polarized and polarized Caco-2 cells, suggesting that CLDN receptor activity may be independent of its TJ function.
Abstract:
The primary reservoir for hepatitis C virus (HCV) replication in vivo is believed to be hepatocytes within the liver. Three host cell molecules have been reported to be important entry factors for receptors for HCV: the tetraspanin CD81, scavenger receptor BI (SR-BI), and the tight-junction (TJ) protein claudin 1 (CLDN1). The recent discovery of a TJ protein as a critical coreceptor highlighted the importance of studying the effect(s) of TJ formation and cell polarization on HCV entry. The colorectal adenocarcinoma Caco-2 cell line forms polarized monolayers containing functional TJs and was found to express the CD81, SR-BI, and CLDN1 proteins. Viral receptor expression levels increased upon polarization, and CLDN1 relocalized from the apical pole of the lateral cell membrane to the lateral cell-cell junction and basolateral domains. In contrast, expression and localization of the TJ proteins ZO-1 and occludin 1 were unchanged upon polarization. HCV infected polarized and nonpolarized Caco-2 cells to comparable levels, and entry was neutralized by anti-E2 monoclonal antibodies, demonstrating glycoprotein-dependent entry. HCV pseudoparticle infection and recombinant HCV E1E2 glycoprotein interaction with polarized Caco-2 cells occurred predominantly at the apical surface. Disruption of TJs significantly increased HCV entry. These data support a model where TJs provide a physical barrier for viral access to receptors expressed on lateral and basolateral cellular domains.
HCV receptor and tight junction protein localization. Caco-2 cells were seeded on glass coverslips under optimised conditions to achieve non-polarized and polarized monolayers. Cells were stained with antibodies specific for: CD81; SR-BI; CLDN1; Occludin-1 and ZO-1. Bound antibodies were visualised with an anti-Mouse-Alexa488 secondary antibody and confocal microscopy. The large panel represents xy sections and the small panel xz sections taken from each of the corresponding xy sections, with the arrow indicating the plane the z-section was taken from. Z-sections ("stacks") were compiled by taking 0.76µm steps through each xy section. Scale bar represents 20µm.
HCV receptor and tight junction protein expression in Caco-2 cells. Protein expression at the cytoplasm and plasma membrane was quantified using Zeiss LSM line-plot analysis software and data expressed as arbitrary fluorescence units (F). Non-polarized (white bars) and polarized (black bars) cells are shown, where the results reflect the mean ± SEM of at least 10 cells from each image. * P <0.01. Scale bar represents 20µm. It is clear that expression of receptors is increased in polarized cells
HCVcc JFH-1 infection of Caco-2 cells. HCVcc JFH-1 infection of non-polarized (white bar) and polarized (black bar) cells was assessed. Larger numbers of infected cells, grouped into bigger foci of infection, were noted in the non-polarized cultures.
Hepatitis C virus cell-cell transmission in hepatoma cells in the presence of neutralizing antibodies.
Timpe, J. M., Z. Stamataki, A. Jennings, K. Hu, M. J. Farquhar, H. J. Harris, A. Schwarz, I. Desombere, G. L. Roels, P. Balfe, and J. A. McKeating. Hepatology 47:17-24.2008.
Synopsis:
In this study we demonstrated that HCV can transmit to naïve cells in the presence of antibodies (Abs) or agarose that limit or neutralize cell-free virus infectivity. Intracellular sources of virus remain sensitive to the neutralizing activity of Abs, confirming that the transmitting viruses are not resistant to the neutralizing Abs used. The frequency of infected naïve target cells in the infectious middle assay was minimally affected by inhibiting extracellular routes of virus transmission. These data suggest that HCV can transmit by at least two routes in vitro, cell-free virus infection of naïve targets and direct transfer between cells. The latter route offers a mechanism to evade nAbs that may partially explain the ineffectiveness of antibodies to control HCV replication during the chronic phase of disease in addition to more the more familiar genetic escape mechanisms. If such routes of transmission occur in vivo, one may question whether therapeutic vaccination or immunoprophylaxis will be an effective control of persistent HCV replication.
Abstract:
Hepatitis C virus (HCV) infection of Huh-7.5 hepatoma cells results in focal areas of infection where transmission is potentiated by cell-cell contact. To define route(s) of transmission HCV was allowed to infect hepatoma cells in the presence or absence of antibodies that neutralize cell-free virus infectivity. Neutralizing antibodies (nAbs) reduced cell-free virus infectivity by >95% and had minimal effect(s) on the frequency of infected cells in the culture. To assess whether cell-cell transfer of viral infectivity occurs, HCV infected cells were co-cultured with fluorescently labeled naïve cells in the presence or absence of nAbs. Enumeration by flow cytometry demonstrated cell-cell transfer of infectivity in the presence or absence of nAbs and immunoglobulins from HCV+ patients. The host cell molecules CD81 and the tight junction protein Claudin 1 (CLDN1) are critical factors defining HCV entry. Soluble CD81 and anti-CD81 abrogated cell-free infection of Huh-7.5 and partially inhibited cell-cell transfer of infection. CD81 negative HepG2 hepatoma cells were resistant to cell-free virus infection but became infected after co-culture with JFH infected cells in the presence of nAb, confirming that CD81 independent routes of cell-cell transmission exist. Further experiments with 293T and 293T-CLDN1 targets suggest that cell-cell transmission is dependent upon CLDN1 expression. In conclusion, these data suggest that HCV can transmit in vitro by at least two routes, cell-free virus infection and direct transfer between cells, with the latter offering a novel route to evade nAbs.
HCV JFH transmits cell to cell. JFH infected Huh-7.5 producers were incubated for 15 minutes with (A) DMEM, (B) DMEM + 10µg/ml DEN3 (an irrelevant antibody), (C) DMEM + 10µg/ml C1 (anti-HCV antibody), or (D) DMEM + 100µg/ml P70 (HCV-neutralizing antibodies prepared from an infected patient). The producers were cultured with naive CMFDA-labeled Huh-7.5 targets (green). After 24h, infected cells were detected by staining for NS5A (Alexa 594, red). Newly infected target cells, positive for both NS5A and CMFDA, appear orange. The scale bar shown is 50 µm. Infectivity of cell free virus in the presence of C1 or P70 was reduced by >95% compared to DEN3 or untreated cultures.
Quantification of cell-cell transmission. JFH infected Huh-7.5 producers were co-cultured with CMFDA ("Cell Tracker") labeled targets at a ratio of 1:4 in the presence or absence of Abs (upper image). After 24h, the cells were fixed and stained for NS5A (R-PE, red) and infected cells quantified by flow cytometry. In the FACS plot the lower quadrants (left = unlabelled, right = CMFDA+, green) contain uninfected cells; the upper left quadrant (red) represents infected producers and the upper right (green + red = orange) newly infected targets.
Hepatitis C virus receptor expression in normal and diseased liver tissue.
Reynolds*, G. M., H. J. Harris*, A. Jennings, K. Hu, J. Grove, P. F. Lalor, D. H. Adams, P. Balfe, S. G. Hubscher, and J. A. McKeating. Hepatology 47:418-27, 2008. (* - joint first authorship)
Synopsis:
This paper explores the localization of the 3 major HCV receptors in the human liver. We found CD81, SR-BI and CLDN1 to be expressed on hepatocytes, consistent with current models of the site of HCV replication (first image below). CLDN1 co-localized with CD81 on both basolateral and sinusoidal faces of hepatocytes in vivo. We found that purified Sinusoidal Endothelial Cells (SEC) and Biliary Endothelial Cells (BEC) were not infectable by HCV. Transduction of SEC to express SR-BI did not render them permissive. We were intrigued to find that CLDN1 expression was elevated in liver biopsies from HCV infected patients, This observation was also seen when we measured CLDN1 expression in an in vitro infection system (second image below).
Abstract:
The principal site of hepatitis C virus (HCV) replication is the liver. HCV pseudoparticles infect human liver derived cell lines and this suggests that liver-specific receptors contribute to defining HCV hepatotropism. At least three host cell molecules have been reported to be important for HCV entry: the tetraspanin CD81, scavenger receptor class B member I (SR-BI), and the tight junction (TJ) protein Claudin 1 (CLDN1). Hepatocytes in liver tissue coexpress CD81, SR-BI, and CLDN1, consistent with their ability to support HCV entry. CLDN1 localized at the apical-canalicular TJ region and at basolateral-sinusoidal hepatocyte surfaces in normal tissue and colocalized with CD81 at both sites. In contrast, CLDN1 appeared to colocalize with SR-BI at the basolateral-sinusoidal surface. CLDN1 expression was increased on basolateral hepatocyte membranes in HCV-infected and other chronically inflamed liver tissue compared with normal liver. In contrast, CLDN4 hepatocellular staining was comparable in normal and diseased liver tissue. HCV infection of Huh-7.5 hepatoma cells in vitro significantly increased CLDN1 expression levels, consistent with a direct modulation of CLDN1 by virus infection. In HCV infected livers, immunohistochemical studies revealed focal patterns of CLDN1 staining, suggesting localized areas of increased CLDN1 expression in vivo which may potentiate local viral spread within the liver.
Immunohistochemical staining of normal liver for HCV receptors. Normal liver tissue was stained with antibodies specific for (A) CD81, (B) SR-BI, (C) CLDN-1 and (D) non-immune serum control (x400 magnification). Positive staining is shown in red, arrows indicate: H–hepatocyte; S–sinusoidal endothelium and BD-bile ducts.
CLDN-1 expression in HCVcc infected Huh-7.5 cells. Confocal imaging of anti-CLDN-1 staining at 1.7µg/ml (A,B) and 0.16µg/ml (C,D) of uninfected and JFH infected Huh-7.5 cells at 72h post infection. Representative images of uninfected (A,C) and HCVcc infected Huh-7.5 (B,D) are shown, with infected cells staining positive for NS5A (red). (E) A representative linear profile of anti-CLDN-1 (0.16µg/ml) fluorescence intensity expressed as arbitrary fluorescence units (F). (F) The average plasma membrane (black) and intracellular (grey) anti-CLDN-1 fluorescent intensity for 20 cells was determined by linear profiling uninfected, NS5A+ and NS5A- cells within the infected population. The average fluorescent intensity for JFH infected NS5A+ cells was significantly increased relative to uninfected cells (p<0.0001, nonparametric Mann Whitney T test).
Hepatitis C virus envelope glycoprotein immunization of rodents elicits cross-reactive neutralizing antibodies
Stamataki, Z., S. Coates, M. J. Evans, M. Wininger, K. Crawford, C. Dong, Y. L. Fong, D. Chien, S. Abrignani, P. Balfe, C. M. Rice, J. A. McKeating, and M. Houghton. Vaccine 25:7773-84. 2007.
Synopsis:
Efforts to develop HCV vaccines have been compromised by the technical difficulties in measuring functional or protective antibody responses. However, the recent development of HCVpp and HCVcc systems has allowed these studies to proceed. This study demonstrates that immunization of rodents with recombinant HCV E1E2/p7 or E2 can elicit polyclonal antibody responses capable of neutralizing HCVpp and HCVcc bearing diverse gps.
Abstract:
Neutralizing antibody responses elicited during infection generally confer protection from infection. Hepatitis C virus (HCV) encodes two glycoproteins E1 and E2 that are essential for virus entry and are the major target for neutralizing antibodies. To assess whether both glycoproteins are required for the generation of a neutralizing antibody response, rodents were immunized with a series of glycoproteins comprising full length and truncated versions. Guinea pigs immunized with HCV-1 genotype 1a E1E2p7, E1E2 or E2 generated high titer anti-glycoprotein antibody responses that neutralized the infectivity of HCVpp and HCVcc expressing gps of the same genotype as the immunizing antigen. Less potent neutralization of viruses bearing the genotype 2 strain J6 gps was observed. In contrast, immunized mice demonstrated reduced anti-gp antibody responses, consistent with their minimal neutralizing activity. Immunization with E2 alone was sufficient to induce a high titer response that neutralized HCV pseudoparticles (HCVpp) bearing diverse glycoproteins and cell culture grown HCV (HCVcc). The neutralization titer was reduced 3-fold by the presence of lipoproteins in human sera. Cross-competition of the guinea pig anti-E1E2 immune sera with a panel of epitope mapped anti-E2 monoclonal antibodies for binding E2 identified a series of epitopes within the N-terminal domain that may be immunogenic in the immunized rodents. These data demonstrate that recombinant E2 and E1E2 can induce polyclonal antibody responses with cross-reactive neutralizing activity, supporting the future development of prophylactic and therapeutic vaccines.
Recombinant HCV-1 envelope gps elicit antibody responses that neutralize HCVpp infectivity. (A) 13 groups of Swiss outbred female mice (10 per group) and (B) 10 groups of Hartley outbred female guinea pigs (10 or 9 per group) were immunized with various preparations of HCV-1 E1E2p7, E1E2 and E2 plus adjuvant listed in the table below. Intramuscular immunizations were performed at 0, 30 and 90 days and the rodents bled two weeks after the last immunization. Immune sera at a final dilution of 1:100 were pre-incubated with HCVpp-H77 for 1h at 37oC and allowed to infect Huh-7.5 cells for 6h. Infection was terminated at 72h and infectivity determined (luciferase activity). Neutralization values are determined from quadruplicate infections and the mean value for each group shown.
List of the antigens used for Immunization and for detection of serum reactivity by EIA: HCV strain HCV-1 (genotype 1a) E2715, E2661, E1E2746, and E1E2p7809 were expressed in CHO cells and extracted from intracellular lysates or extracellular supernatants. (the subscript annotations refer to the final amino acid of the expressed proteins, where the first amino acid of E1 is at position 191 and E2 at 384 within the HCV polyprotein - see the Los Alamos hepatitis C sequence database for details.
Scavenger receptor BI and BII expression levels modulate hepatitis C virus infectivity.
Grove, J., T. Huby, Z. Stamataki, T. Vanwolleghem, P. Meuleman, M. Farquhar, A. Schwarz, M. Moreau, J. S. Owen, G. Leroux-Roels, P. Balfe, and J. A. McKeating. J Virol 81:3162-9. 2007
Synopsis:
In this study we demonstrated that human SR-BI and SR-BII confer sE2 binding to CHO cells and, when over-expressed in Huh-7.5 cells, increase susceptibility to HCV infection. Antibodies specific for SR-BI could inhibit the infectivity of cell culture and plasma derived HCV, suggesting a critical role for the receptors in the HCV lifecycle. Over-expression of SR-BI and II in Huh-7.5 cells significantly increased their susceptibility to cell culture and plasma derived HCV, suggesting that SR-BI/II density plays an important role in HCV infection. Similar observations have been reported for CD4 and chemokine receptor expression levels influencing HIV-cell entry. Over-expression of SR-BI/II enhanced JFH infectivity to a much greater extent than J6/JFH; 18 fold and 3 fold, respectively, suggesting strain specific variation within genotypic clades. Since J6/JFH and JFH differ in their Core-NS2 region, it is possible that the observed differences may be due to altered affinity of the envelope proteins for SR-BI/II.
Abstract:
Hepatitis C virus (HCV) enters cells via a pH- and clathrin-dependent endocytic pathway. Scavenger receptor BI (SR-BI) and CD81 are important entry factors for HCV internalization into target cells. The SR-BI gene gives rise to at least two mRNA splice variants, SR-BI and SR-BII, which differ in their C termini. SR-BI internalization remains poorly understood, but SR-BII is reported to endocytose via a clathrin-dependent pathway, making it an attractive target for HCV internalization. We demonstrate that HCV soluble E2 can interact with human SR-BI and SR-BII. Increased expression of SR-BI and SR-BII in the Huh-7.5 hepatoma cell line enhanced HCV strain J6/JFH and JFH infectivity, suggesting that endogenous levels of these receptors limit infection. Elevated expression of SR-BI, but not SR-BII, increased the rate of J6/JFH infection, which may reflect altered intracellular trafficking of the splice variants. In human plasma, HCV particles have been reported to be complexed with lipoproteins, suggesting an indirect interaction of the virus with SR-BI and other lipoprotein receptors. Plasma from J6/JFH-infected uPA-SCID mice transplanted with human hepatocytes demonstrates an increased infectivity for SR-BI/II-overexpressing Huh-7.5 cells. Plasma-derived J6/JFH infectivity was inhibited by an anti-E2 monoclonal antibody, suggesting that plasma virus interaction with SR-BI was glycoprotein dependent. Finally, anti-SR-BI antibodies inhibited the infectivity of cell culture- and plasma-derived J6/JFH, suggesting a critical role for SR-BI/II in HCV infection.
Expression of SR-BII in CHO cells confers sE2 binding. (A) Anti-SR-BI serum reactivity for CHO (closed symbol) and CHO-SR-BI (open symbol). (B) sE2 reactivity for CHO (closed symbol) and CHO-SR-BI (open symbol). Bound E2 antigen was detected with rat anti-E2 monoclonal antibody 9/75 and alexa fluor 488 anti-rat Ig. Data is expressed as the mean fluorescence intensity (MFI). CHO were transduced with TRIP lentiviral vectors expressing human SR-BI or SR-BII and assessed for their reactivity with anti-SR-BI (1:400 dilution) (C) and sE2 (30ug/ml) (D). Each panel displays parental CHO (filled), CHO SR-BI (solid line) and CHO SR-BII (dashed line)
Over-expression of SR-BI and SR-BII in Huh-7.5 cells increases infected foci size. Parental and Huh-7.5 cells over expressing human CD9, SR-BI or SR-BII were infected with JFHcc for 1 h and the infection allowed to proceed for 72h. Infected cells were visualised by staining for NS5A (green) and the nuclei counterstained with DAPI. The images were taken at 100x magnification. The bar chart in the lower panel shows the relative infection of the transduced cell lines by JFH-1 compared to the original Huh-7.5 cells.
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