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Abstract: The HCV replication cycle is tightly associated with host lipid metabolism: Lipoprotein
receptors SR-B1 and LDLr promote entry of HCV, replication is associated with the formation of
lipid-rich membranous organelles and infectious particle assembly highjacks the very-low-density
lipoprotein (VLDL) secretory pathway. Hence, medications that interfere with the lipid metabolism of
the cell, such as statins, may affect HCV infection. Here, we study the interplay between lipoprotein
receptors, lipid homeostasis, and HCV infection by genetic and pharmacological interventions. We
found that individual ablation of the lipoprotein receptors SR-B1 and LDLr did not drastically affect
HCV entry, replication, or infection, but double lipoprotein receptor knock-outs significantly reduced
HCV infection. Furthermore, we could show that this effect was neither due to altered expression
of additional HCV entry factors nor caused by changes in cellular cholesterol content. Strikingly,
whereas lipid-lowering drugs such as simvastatin or fenofibrate did not affect HCV entry or infection
of immortalized hepatoma cells expressing SR-B1 and/or LDLr or primary human hepatocytes,
ablation of these receptors rendered cells more susceptible to these drugs. Finally, we observed
no significant differences between statin users and control groups with regards to HCV viral load
in a cohort of HCV infected patients before and during HCV antiviral treatment. Interestingly,
statin treatment, which blocks the mevalonate pathway leading to decreased cholesterol levels, was
associated with mild but appreciable lower levels of liver damage markers before HCV therapy.
Overall, our findings confirm the role of lipid homeostasis in HCV infection and highlight the
importance of the mevalonate pathway in the HCV replication cycle.

Keywords: hepatitis C virus; SR-B1; LDLr; lipid metabolism; lipoprotein receptor; lipid-lowering
drug; statin; fibrate; PCSK9-inhibitor; HMG-CoA-reductase inhibitor; HCV
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1. Introduction

Hepatitis C virus (HCV) infects 71 million people and causes approximately four
hundred thousand deaths annually [1]. Chronic infection can lead to hepatitis, liver
cirrhosis, and hepatocellular carcinoma, and is the leading cause of liver transplantation
worldwide [2]. Since the discovery and approval of direct-acting antiviral agents (DAA) [3],
almost all infections can be cured by drug treatment if available [4,5]. Nonetheless, to this
day, HCV remains a highly prevalent pathogen that is uniquely adapted to its human host
and able to evade the host immune system without causing general immunosuppression.

The ability of HCV to fly under the radar of the immune system may partly be due
to the HCV replication cycle being tightly intertwined with the host’s lipid metabolism.
In HCV-infected patients, HCV is found in association with very-low-density lipoprotein
(VLDL) and low-density lipoprotein (LDL) in the so-called lipoviral particle (LVP) [6,7],
which may shield virions from immune recognition. Inside the cell, HCV replication is
associated with the formation of a double-membrane replication compartment known as
“membranous web” [8]. During HCV assembly, viral structural and non-structural proteins
highjack lipid droplets and the VLDL secretory pathway for the assembly and secretion of
the LVPs [9,10].

Interestingly, these HCV LVPs have been proposed to exploit LDL and high-density
lipoprotein (HDL) receptors, namely scavenger receptor class B type 1 (SR-B1) and low
density lipoprotein receptor (LDLr), for productive cell entry [11–13]. In agreement with
this model, both LVP-embedded apolipoprotein E (apoE) and viral envelope glycoprotein
E2 have been shown to bind to SR-B1 and thereby facilitate subsequent binding of E2
to CD81 [11,14]. On the other hand, the role of LDLr in the HCV entry life cycle is
still controversial [15–17]. Whereas some studies have proposed that LDLr mediates
cell attachment via the LVP component apoE [16,17], others have reported that LDLr
may have a role in viral replication [15]. Finally, a landmark study by Yamamoto and
colleagues indicated, for the first time, that LDLr and SR-B1 may have a redundant role
in HCV entry [13]. In this study, generation of individual genetic knock-outs (KOs) of
LDLr or SR-B1 had a modest impact on HCV infection, but genetic ablation of both
receptors had a much more pronounced effect. Importantly, this effect could be rescued
by overexpression of either SR-B1 or LDLr individually. However, the effect of genetic
ablation of lipoprotein receptors on cellular cholesterol content and expression of HCV
entry factors remained elusive.

Lipid-lowering drugs (LLDs) are used for the treatment of hyperlipidemia with LDL
being the most important target lipid species since its levels are strongly associated with
cardiovascular risk [18]. Since the liver plays a central role in lipid metabolism, LLDs
impact liver homeostasis (including lipoprotein receptor expression) and consequently,
they may influence permissiveness of hepatocytes to HCV infection. In addition, altered
serum lipoprotein levels may influence the infectivity of HCV LVPs. Currently, there
are mainly three different classes of LLD in clinical use: statins, fibrates, and proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitors [18]. These LLDs decrease blood
LDL levels by different mechanisms. Statins are known to interact with the binding site
of 3-hydroxy-3methyl-glutaryl-coenzyme A (HMG-CoA) reductase and thereby inhibit
the mevalonate pathway which leads to a decreased de novo cholesterol synthesis in
hepatocytes and consequently increased expression of cell surface LDLr [19,20]. Fibrates
induce the activation of the peroxisome proliferator-activated receptor alpha (PPAR-α)
transcription factors which in turn activate the synthesis of HDL and increase the activity of
lipoprotein lipases [21]. Furthermore, fibrates increase fatty acid uptake, reduce triglyceride
production, decrease exchange of cholesteryl ester and triglyceride between VLDL and
HDL, and increase the affinity between LDLr and LDL [22]. Lastly, PCSK9 is an enzyme
that promotes LDLr cell surface internalization and lysosomal degradation [23,24]. PCSK9-
inhibitors are humanized antibodies (abs) that specifically bind and block serum PCSK9
resulting in a higher density of LDLr on the cell surface [25].
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The effects of individual LLDs on the HCV replication cycle have been previously
addressed [26–33]. Statins seem to have a multimodal mode of action with regard to HCV
replication [26–28]. For instance, it has been shown that inhibition of geranylgeranylation
by statins hinders HCV replication [26]. Alternatively, Blanchet et al. described a dual
proviral/antiviral effect on the entry of HCV that was dependent on the drug dose in vitro.
At low concentrations statins upregulate LDLr and thereby HCV entry, while at higher
concentrations statins downregulate the HCV entry cofactor Claudin-1 (CLDN1) and inhibit
virus entry [27]. Finally, Wuestenberg and colleagues showed that statins inhibit HCV
replication in vitro through the induction of the heme degrading enzyme heme oxygenase
1 (HO-1) and induction of the interferon response [28]. The combination of statins with
interferon or DAAs has synergistic effects that reduce HCV RNA levels and prevent the
rise of resistant variants [29,30]. Interestingly, all these in vitro studies observed a lack of
antiviral activity for pravastatin suggesting that the suppression of HMG-CoA reductase
activity might not be the main determinant of HCV inhibition [26–28].

In vivo, the efficiency of statins is strongly debated [34–36]. A retrospective study of
HCV chronically infected patients routinely attending the clinic failed to show a correla-
tion between statin therapy and decreasing viral loads [35]. However, in a randomized
controlled trial, combination of pegylated interferon therapy with statins increased the
sustained viral response (SVR) and reduced the relapse rate of chronically infected pa-
tients [37]. Moreover, an analysis of the longitudinal Electronically Retrieved Cohort of
HCV Infected Veterans (ERCHIVES) revealed that patients treated with statins in addition
to HCV therapy had a higher SVR and lower liver disease progression over 24 months after
HCV treatment [36]. Although the interplay between statins and HCV has been extensively
studied, the impact of fibrates and PCSK9 inhibitors during HCV infection is much less
clear. For fibrates, early reports suggested that fenofibrate intervention increases secretion
of apolipoprotein all (apoAll) and HCV core (C) in HepG2 cells [32]. It was later shown that
clofibrate intervention of humanized C/OTg mice inhibit HCV replication by activation of
antiviral host factor quinolinate phosphoribosyl transferase (QPRT) [33]. Although initial
clinical studies suggested a beneficial effect of bezafibrate addition on serum viral loads of
HCV infected patients, it was subsequently shown that this observation was associated
with lower liver injury levels and higher liver functionality [38,39]. Lastly, the only study
dealing with the fully humanized α-hPCSK9 monoclonal ab (mab) alirocumab suggested
that this mab does not affect HCV entry and replication, refuting previous reports that
suggested a reduction of CD81 cell surface expression and HCV infectivity after ectopic
expression of a membrane-bound version of PCSK9 [31,40]. Taken together, since LLDs
are among the most commonly used drugs worldwide, it is imperative to understand the
interplay between LLDs, hepatocyte lipid homeostasis and HCV infectivity.

In this study, we aimed to understand the effect of different classes of LLDs at clinically
relevant concentrations and under different genetic conditions on HCV infection in vitro
and in vivo. Statin simvastatin, fibrate fenofibrate, and PCSK9 inhibitor alirocumab had
marginal or no effect on HCV glycoprotein (GP)-mediated entry or cell-culture derived
HCV (HCVcc) infection of hepatoma cells (Huh-7.5) or primary human hepatocytes (PHH).
Whereas individual genetic ablation of either LDLr or SR-B1 did not affect HCV infectivity
drastically, a double lipoprotein receptor KO (DKO) notably decreased HCV infection. We
could show that this effect was not due to alterations of HCV cell entry co-factor expression
or cellular cholesterol content. Treatment of these lipoprotein receptor-deficient cells with
simvastatin and fenofibrate led to an additive reduction of HCV infectivity, suggesting
that cholesterol level alterations or lipid homeostasis caused the observed HCV inhibition.
Lastly, retrospective analysis of a cohort of patients treated with DAA-based HCV therapy
failed to show a correlation between HCV RNA levels and statin treatment but suggests a
modest beneficial effect of statins on liver integrity before DAA therapy. In summary, our
results underline the importance of lipid homeostasis for HCV infection and suggest a link
between de novo cholesterol synthesis and HCV infection.
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2. Materials and Methods
2.1. Cell Lines

Huh-7.5 and Huh-7.5.1 adherent hepatoma cell lines were kindly donated by Charles
M. Rice (Rockefeller University, New York City, NY, USA). Parental Huh-7.5 derived
lipoprotein receptor KOs SR-B1 #1, #2, #3, #4; LDLr KO #1, #2, #3, #4, and DKO #1,
#2, #3 cell lines were cultivated in Dulbecco’s modified eagle medium (DMEM) (Gibco,
Gaithersburg, MD, USA) supplemented with 10% Fetal Calf Serum (FCS) (Sigma–Aldrich,
St. Luis, MO, USA; Capricorn Scientific, Ebsdorfergrund, Germany), non-essential amino
acids, penicillin/streptomycin (100 µg/mL) and L-Glutamine (2 mM) (Gibco, Gaithersburg,
MD, USA) at 37 ◦C and 5% CO2. From here on this media formulation will be denominated
DMEM complete.

2.2. DNA Plasmids

HIV-based gutted Gag-Pol packaging construct, transfer plasmids CSPW (Puromycin
resistance gene Puror) and pWPI_NanoLuc_BLR (NanoLuciferase), VSV-G, MLV env, HCV
J6 E1-E2, or HCV H77 E1-E2 glycoprotein expressing vector, and pCDNA3.1 empty back-
bone have been previously described [41–43]. Full-length Jc1 firefly luciferase (FLuc)
reporter construct pFKi389LucEiJFH1/J6/C-846 and HCV Con1 (pFKi 389 Neo EI Core
3′JFH1wt) have been previously described [44,45]. HCV replicon constructs pFK-Luc-
JFH1/∆E1-E2 and pFK-Luc-JFH1/∆E1-E2 ∆GDD were previously described [45]. The
CRISPR kit used for constructing multiplex CRISPR/Cas9 single and double knock-out
(KO) vectors was a gift from Takashi Yamamoto (Addgene kit # 1000000055) [46]. Target se-
quence oligonucleotides TTTGGAGTCAACCCAGTAG and TCATGAAGGCACGTTCGCCG
against LDLR exon 12 and SCARB1 exon 4 were respectively cloned by golden gate as-
sembly into pX330A-1x2 and pX330S-2 according to the author’s protocol [46]. Briefly,
10 µM annealed oligonucleotides were mixed with 25 ng/µL vector, BbsI restriction en-
zyme (NEB, Ipswich, Massachusetts, USA), and T4 ligase buffer and enzyme (Thermo
Fischer Scientifc, Waltham, Massachusetts, USA). Reaction was run for 3 cycles at 37 ◦C for
5 min and 16 ◦C for 10 min. Resulting products were transformed in DH5α E. coli bacteria
and clones were Sanger sequenced for correct nucleotide sequence. For the generation of
LDLR/SCARB1 double KO vector pX330A-1x2/LDLRgRNA3-SCARB1gRNA2, 50 ng/µL
of pX330A-1x2/LDLRgRNA3 and 100 ng/µL of pX330S-2/SCARB1gRNA2 were mixed
with BsaI restriction enzyme (NEB, Ipswich, MA, USA), T4 ligase buffer and enzyme and
run at 37 ◦C for 5 min, 16 ◦C for 10 min for 25 cycles. Product was transformed and
sequenced verified.

2.3. Generation of Lipoprotein Receptor-Deficient Cell Lines

To generate LDLr, SR-B1 and DKO Huh-7.5, cells were seeded into a 6-well for-
mat at 8 × 105 cells/well confluency. The next day, pX330A-1x2/LDLRgRNA3, pX330S-
2/SCARB1gRNA2, and pX330A-1x2/LDLRgRNA3-SCARB1gRNA2 constructs were indi-
vidually co-transfected with Puror expressing vector CSPW at a 3:1 ratio with FUGENE®

HD reagent (Promega, Madison, WI, USA) (FUGENE 5:1 DNA) according to the man-
ufacture’s protocol. 12 h post-transfection, media was removed and fresh DMEM com-
plete media supplemented with 4 µg/mL Puromycin was added to the transfected and
non-transfected control cells. 48 h post-treatment (time after all non-transfected control
cells were dead), selection media was removed and cells were left to recover for 72 h.
Subsequently, serial dilution-based single cell cloning was performed on each treatment.
Individual clones were expanded and KO generation verified by cell surface staining and
immunoblotting of the target proteins.

2.4. HCV Virus Production and Infection

Jc1-Fluc HCVcc particles were produced as previously described [45]. Briefly, the
pFKi389LucEiJFH1/J6/C-846 plasmid DNA was MluI (NEB, Ipswich, MA, USA) linearized
and in vitro transcribed (IVT). 5 µg IVT RNA were electroporated in Huh-7.5.1 cells and
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incubated at 37 ◦C and 5% CO2. Virus supernatant was harvested 72 h after electroporation,
filtered through a 0.45 µm pore filter (Carl Roth, Karlsruhe, Germany) and stored at−80 ◦C
until further use. HCV P100pop was a kind gift from Professor Esteban Domingo (CBMSO,
Madrid, Spain) [47].

To understand the impact of LLDs during HCV infection, 5 × 103 Huh-7.5 or lipopro-
tein receptor-deficient cells were seeded in a 96-well plate and incubated for 24 h. The
next day, cells were preincubated with selected LLDs 24 h before infection. Then, 50 µL
virus and LLD were mixed and added to cells. 4 h post-infection (hpi), virus was removed
and fresh DMEM with LLD was added. 72 hpi cells were lysed using an in-house lysis
buffer (0.5 M Gly-Gly, 1 M MgSO4, 0.2 M EGTA, 1% Triton-X100) supplemented with DTT
and frozen at −80 ◦C prior luciferase measurement. Luciferase assay was performed as
described before [48] and measured on a Centro LB 960 microplate luminometer (Berthold
technologies, Bad Wildbad, Germany).

2.5. HCV Kinetics in Primary Human Hepatocytes

Primary human hepatocytes (PHHs) from three separate donors were isolated from
explanted livers and plated on collagen-coated 24-well plates with an approximate density
of 3.75 × 105 cells/well as previously described [49]. Informed consent was approved by
the ethics commission of Hannover Medical School. One day after plating, culture media
was changed to HCM media (Lonza, Basel, Switzerland) and treated with 1 µM Simvastatin,
5 µM Fenofibrate µM, 1 µM Alirocumab or DMSO (at the highest concentration used to
dissolve the treatments). To control innate immune signaling, 10 µM ruxolitinib was also
added to the cells (Adipogen Life Sciences, Liestal, Switzerland). Approximately 16 h
after the pretreatment of the LLDs and ruxolitinib, the cells were infected with 3.75 × 105

(measured on Huh-7.5 cells) of an HCVcc population with a high replication capacity
(P100pop) [50,51]. 4 h later, the cells were washed with 5 × PBS and fresh media with
drugs added. Supernatant and cells lysates were collected 4, 24, 72, and 96 h post-infection
for quantification of intracellular HCV RNA and infectious particle release.

2.6. RNA Extraction and RT-qPCR Quantification of Viral RNA

To quantify intracellular HCV RNA in PHHs, total RNA from primary cells were
isolated using a NucleoSpin RNA Kit (Macherey-Nagel, Düren, Germany) according to
the manufacturer’s instructions. For each sample HCV RNA was quantified in techni-
cal replicates utilizing a LightCycler® 480 RNA Master Hydrolysis Probes Kit (Roche
Diagnostics, Rotkreuz, Switzerland) following the manufacturer’s instructions and the
following primers and probe, 5′-UTR Forward primer, TCTGCGGAACCGGTGAGTA;
5′-UTR reverse primer, GGGCATAGAGTGGGTTTATCCA; and 5′-UTR probe, [6FAM]-
AAAggACCCAgTCTTCCCggCAA-[TMR]. 10-fold serial dilutions of an in vitro-transcribed
(IVT) HCV Jc1 RNA were used in each run for generation of a standard curve.

Viral RNA extraction and quantification of infected lipoprotein receptor knock-outs
was based on previous work [52]. Briefly, HCVcc Jc1-WT or mock infected cells were lysed
and RNA extracted according to Qiagen RNAeasy (Qiagen, Venlo, Netherlands) manu-
facturer’s protocol. Extracted RNA was measured using a NanodropTM 2000 (Thermo
Fischer Scientific, Waltham, MA, USA). To detect viral RNA via RT-qPCR a probe against
the HCV X-tail genomic region was used [53]. Each reaction comprised 3 µL of RNA
and 17 µL of a mixture of Master Hydrolysis Probes (Roche, Basel, Switzerland), 300 nM
HCMgR2 and 200 nM XFTF5 primers, and 100 nM HCVMGB2 custom probe. PCR was run
for 45 cycles on a Light Cycler 480 thermocycler (Roche, Basel, Switzerland). 10-fold serial
dilutions of IVT HCV Con1 RNA (pFKi 389 Neo EI Core 3’JFH1wt) were added in each
run for generation of a standard curve. Absolute viral copy numbers were extrapolated
from Ct values of samples versus the standard. Baseline and cut-off cycles were 3 and 40,
respectively. Final copy numbers were normalized to the extracted total RNA concentration.
Each biological sample was measured in duplicate.
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2.7. TCID50 Assay

To quantify infectious particle release, 1 × 104 cells/well of Huh-7.5 cells were seeded
onto 96-well plates. One day after plating, 6 replicate wells were infected with HCV
infected supernatant, serially diluted and incubated for 72 h. The cells were then fixed with
100% methanol for 10 min, followed by 2 washes with PBS plus 0.1% Tween-20 (Sigma–
Aldrich, St. Luis, MO, USA) (PBS-T). Endogenous peroxidases were blocked with 3% H2O2
in PBS-T for 5 min. The cells were subsequently incubated with 440 pg/mL of anti-NS5A
9E10 antibody (Cell Essentials, Boston, MA, USA) at room temperature for 1 h. Unbound
antibodies were washed twice with PBS-T and the cells were incubated 1 h with anti-mouse
IgG-HRP (A4416, Sigma Aldrich, St. Louis, MO, USA) at a 1:300 dilution. Peroxidase
activity was detected after 2 X PBS-T washing and the addition of a carbazole substrate
(0.32% w/v 3-amino-9-ethylcarbazole in N,N-dimethylformamide diluted in 5 mM acetic
acid, 10 mM sodium acetate, pH 8.0 and 0.4% H2O2) for 10 min. Unbound substrate was
washed twice with H2O and stained cells were visualized under a microscope. Positive
wells were counted and the tissue infective dose 50% (TCID50) was calculated using the
Spearman and Kärber calculation [54].

2.8. Pseudoparticle Production and Transduction

Pseudoparticles for LLD treatments were generated as previously described [41].
Briefly, HEK293T producer cells were co-transfected with 1 µg DNA plasmids containing
HIV gag-pol, envelope viral glycoproteins, and a NLuc or FLuc luciferase reporter gene
in a 1:1:7 ratio using polyethylenimine (PEI) (Sigma–Aldrich, San Luis, MO, USA). 48 h
and 72 h post-transfection, the pseudoparticles (pps) supernatant was collected, filtrated
through a 0.45 µm pore filter (Carl Roth, Karlsruhe, Germany) and pooled together. Virus
pp supernatant was stored at 4 ◦C for up to 7 days and at −80 ◦C for long term storage.
For HCV GP-driven entry studies in lipoprotein receptor knock-out cell lines, HEK293T
producer cells were co-transfected with 1.3 µg HIV gag-pol, 1.3 µg Fluc luciferase reporter
gene, and 1 µg envelope GP with FUGENE® HD reagent (Promega, Madison, WI, USA)
(FUGENE 3:1 DNA) according to the manufacturer’s instructions.

To test the effect of LLDs on HCV GP-mediated entry, 5 × 103 cells were seeded one
day before in a 96-well plate and pre-incubated with different concentrations of LLDs an
extra day before transduction. Polybrene (H9268-5G, Sigma–Aldrich, San Luis, MS, USA)
was added to a final concentration of 4 µg/mL to 50 µL virus pps and applied together
with LLDs or solvent controls. 6 h post-transduction (hpt) pps were removed and cells
incubated for 72 hpt. Then, cells were lysed with 35 µL/well of our in-house lysis buffer
(see previous) supplemented with DTT and frozen at −80 ◦C until measurement. For
NLuc measurement, 20 µL lysate was mixed with 80 µL coelenterazine substrate (Carl
Roth, Karlsruhe, Germany), incubated for 5 min at room temperature (rt) and measured
as previously described [42] using a Centro LB 960 microplate luminometer (Berthold
technologies, Bad Wildbad, Germany).

For assessment of HCV GP-driven entry in lipoprotein-deficient cell lines, 8 × 104

cells/well were seeded using a 12 well format and incubated overnight at 37 ◦C and 5%
CO2. 500 µL of pps encoding for Fluc were mixed with 4 µg/mL polybrene (see previous)
and added to cells for 6 h. Viral supernatants were subsequently removed, and cells lysed
72 hpt. Fluc of 20 µL lysate was measured as previously described [55]. Specific GP-driven
entry was determined as the differential luciferase signal from GP-bearing particles and no
GP (NoEnv) negative control.

2.9. HCV Replication Assay

Subgenomic HCV (pFK-Luc-JFH1/∆E1-E2 and pFK-Luc-JFH1/∆E1-E2 ∆GDD) RNA
was transcribed in vitro and transfected into the Huh-7.5 or lipoprotein receptor knock-outs
by electroporation as previously described [45]. 1 × 105 electroporated cells were seeded
in 24-well plates for luciferase measurement and 104 in 96-well plates for cell proliferation
assessment. At the indicated time points, cells were either lysed using 200 µL of Fluc
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lysis buffer and frozen at −20 ◦C before measurement or assessed for cell proliferation
using a MTT assay (MTT cell proliferation kit, OzBioSciences, Marseille, France). Fluc
was measured as previously described using a Centro XS3 LB 960 plate luminometer
(Berthold technologies, Bad Wildbad, Germany) [56] and proliferation with a Multiskan
Go Microplate Spectrophotometer (Thermo Scientific, Waltham, MA, USA). After data
collection, a FLuc/cell proliferation ratio was calculated for each time point and normalized
to the ratio values at 4 h post-electroporation.

2.10. Cell Viability Measurements

To examine the effect of LLDs on cell viability, an MTT Assay was performed as
previously described [57]. 0.5 mg/mL MTT substrate was added to drug-treated cells
and incubated for 1 h at 37 ◦C. MTT substrate was then removed and DMSO was added
to the cells. Absorbance at 570 nm was measured using a Biotek Synergy 2 ELISA plate
reader (Winooski, VT, USA). Reference absorbance at 630 nm was subtracted from specific
absorbance at 570 nm. Cells treated with MTT solution and 10% SDS were used as a
negative control.

NLuc Assay was alternatively performed to analyze cell viability of LLDs during
gp-mediated HCV entry experiments. To establish NLuc expressing Huh-7.5 cells, 30–50%
confluent Huh-7.5 cells were transduced with VSV-Gpps carrying a NLuc reporter gene.
After 6 h fresh DMEM complete medium was added. NLuc expression was evaluated three
passages after transduction and at the end of each individual GP-mediated cell entry assay,
as previously described [42].

2.11. Flow Cytometry

For quantification of extracellular protein expression, immunostaining with fluorescently-
conjugated abs followed by flow cytometry was performed. In brief, adherent cells were
washed with phosphate buffer saline (PBS), dislodged with non-enzymatic versene reagent
(15040066, Gibco, Gaithersburg, MD, USA) and centrifuged at 1250 rounds per minute
(rpm) for 5 min. Cell pellets were resuspended in FACS buffer (1% FCS in PBS) containing
1 µL FcR blocking reagent (Miltenyi Biotec Gmbh, Bergisch Gladbach, Germany) and
transferred to a V-bottom 96-well plate (Sigma Aldrich, St. Louis, MO, USA). Subsequently,
cells were either stained with saturating concentrations of conjugated mouse abs α-human
APC CD81 (561958, BD Biosciences, Franklin Lakes, NJ, USA), α-human APC SR-B1
(363207, Biolegend, San Diego, CA, USA), and α-human PE LDLr (FAB2148P, Minneapolis,
MN, USA) or their respective isotype controls for 20 min in the dark. Stained cells were
washed once and resuspended in FACS buffer before analysis. Protein expression was
quantified by APC or PE channel fluorescent intensity measurement using an Accuri
C6 Plus flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). For quantification of
endogenous levels of HCV entry co-factors, resuspended cells were fixed (1% FCS, 0.5%
PFA in PBS) for 10 min ar RT, permeabilized (1% FCS, 0.1% Saponin in PBS) for 20 min on
ice, and immunostained with monoclonal α-human occludin (0.4 µg/mL, mouse) (33–1500,
Invitrogen/Thermo Scientific, Carlsbad, CA, USA), and polyclonal α-human claudin-1
(2 µg/mL, rabbit) (51–900) (Invitrogen/Thermo Scientific, Carlsbad, CA, USA) or α-human
NPC1L1 (2 µg/mL, rabbit) (#5058, Cell Signaling Technology, Danvers, MA, USA) for
60 min on ice. Subsequently, cells were washed in FACS buffer and bound abs detected
with 10 µg/mL Alexa Fluor 488 (AF488)-conjugated abs (goat α-mouse A-11029, goat
α-mouse A-11034) (Invitrogen/Thermo Scientific, Carlsbad, CA, USA). Unspecific staining
was controlled by immunostaining with equimolar concentrations of monoclonal mouse
(555746, BD, Franklin Lakes, NJ, USA) or polyclonal rabbit IgG (I5006, Sigma Aldrich, St.
Louis, MO, USA). Specific protein expression (∆MFI) was calculated by subtracting the
geometric mean intensity (MFI) of the isotype control staining from the specific ab MFI.
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2.12. Western Blot

Expression of HCV entry factors was analyzed by protein immunoblot as previously
described [55]. For protein detection, α-human SR-B1 (0.4 µg/mL, rabbit) (NB400-104,
Novus Biologicals, Littleton, USA), α-human LDLr (1.34 µg/mL, rabbit) (ab52818, Abcam,
Cambridge, UK), α-human occludin (1.25 µg/mL, mouse) (33–1500, Invitrogen/Thermo
Scientific, Carlsbad, CA, USA), α-human claudin-1 (0.5 µg/mL, rabbit) (51–900, Invitro-
gen/Thermo Scientific, Carlsbad, CA, USA) or α-human NPC1L1 (0.25 µg/mL, rabbit)
(#5058, Cell Signaling Technology, Danvers, MA, USA) were used. HRP-linked α-mouse
(1:20,000) (A4416, Sigma Aldrich, St. Louis, MO, USA) and α-rabbit (1:20,000) (Jackson
ImmunoResearch, Ely, UK) were used to detect proteins. For developing, HRP-based Amer-
sham ECL Prime Western Blotting Detection Reagent (Cytiva Life Sciences, Marlborough,
MD, USA) was used. Blots were documented with ChemoStar Professional Imager System
(Intas Science Imaging Instruments, Göttingen, Germany).

2.13. Cholesterol Quantification Assay

Total cholesterol content of lipoprotein receptor-deficient cell lines was quantified
using the Cholesterol Quantification Kit (MAK043) by Sigma Aldrich (St. Louis, Missouri,
USA) according to the manufacturer’s instructions. Briefly, 1 × 106 cells were collected
and frozen at −20 ◦C until cholesterol quantification. Lipids were extracted using chlo-
roform:isopropanol:IGEPAL CA-630 (7:11:0.1) and the organic phase was dried under
vacuum using a Savant DNA-SpeedVac concentrator (Thermo Fischer Scientifc, Waltham,
MA, USA). Extracted lipids were dissolved in Cholesterol Assay buffer and stored at
−20 ◦C. Reaction mix was set up according to the manufacturer’s instructions and ab-
sorbance was measured at 570 nm in a Biotek Synergy 2 ELISA plate reader (Winooski, VT,
USA). Cholesterol amount was extrapolated from an in-run cholesterol standard curve.
Blank was subtracted from all values for background correction. The final cholesterol
concentration was calculated by equating the cholesterol amount to the sample volume.

2.14. Lipid-Lowering Drugs

LLDs simvastatin (S6196) and fenofibrate (F6020) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Both compounds were diluted with DMSO to a final stock concentra-
tion of 50 mM and stored at 4 ◦C. Alirocumab (Praluent) was ordered from Sanofi (Paris,
Île-de-France, FR) and was stored at 4 ◦C.

2.15. Patients and Methods

For this analysis 773 HCV infected patients who received antiviral treatment with
DAA regimens at the outpatient clinic of Hannover Medical School from 2014 (approval
of sofosbuvir)—2019 were considered. HCV RNA values, at specific time points during
DAA therapy, from two different cohort subgroups were compared. In total, 15 patients
did not show any documented HCV RNA values at the time of analysis and therefore
were excluded. Patients with documented statin use at therapy start of DAA treatment
were compared with patients without documented statin use at therapy start as control
group. To adjust for possible confounders two matchings were performed. In matching one
presence of cirrhosis and viral genotype were used as criteria to compare baseline values.
In matching two, in addition to cirrhosis and viral genotype, HCV antiviral regimen was
included to compare treatment values. The matching ratio was 2:1 generating a control
group twice as big as the statin group. Matching partners were included in the analysis
in the order of appearance in the original data set. We excluded patients without an
appropriate matching partner. HCV RNA values were obtained at week 0, week 2, week 4,
week 8, and week 12 using either the Cobas Ampliprep Cobas Taqman v.2.0 (Roche, limit of
quantification 15 IU/mL) or the Aptima HCV Quant assay (Hologic; limit of quantification
10 IU/mL). If quantification limit for HCV RNA was reached (<15 IU/mL, <10 IU/mL)
this was put into analysis as 15 IU/mL or 10 IU/mL. Undetectable HCV RNA was put into
analysis as 1 due to logarithmic presentation of the data. Furthermore, clinical parameters,
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at baseline and/or treatment weeks, e.g., age, sex, HCV genotype, presence of cirrhosis,
DAA therapy regimen, and AST as well as ALT levels were obtained. Clinical data were
generated using standard laboratory procedures at Hannover Medical School. Cirrhosis
was defined as fibroscan over 14.5 kPa. If fibroscan data were not available other clinical
parameters for definition of cirrhosis were used. If no data were available for a particular
time point, this dataset was excluded from the final analysis. Similar methods have been
previously used by Maasoumy et al. [58].

2.16. Statistics

Infection, replication, and entry assays were performed three times (n = 3) with 3 tech-
nical replicates. Immunoblots were performed twice (n = 2). Cell surface and total stainings
were carried out as 3 biological replicates. Cholesterol quantification was done thrice with
two technical replicates. For the retrospective study, data was collected with Microsoft®

Excel® 2010 (Redmond, WA, USA) and stated as absolute numbers, median and quartiles,
always clearly labeled. Statistical analysis and visualization were done using GraphPad®

Prism® 8 or 9 (La Jolla, CA, USA). Parametric, one, or two-way ANOVA corrected for
multiple comparisons with Sidak or Dunnet methods as well as non-parametric unpaired
Mann-Whitney U test were used to calculate statistical significance. p-value significance
was represented as: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. p-values above
0.05 were considered not significant and were not illustrated.

2.17. Ethics

This analysis was performed according to the principles of good clinical practice as
well as the declaration of Helsinki and approved by the local ethics committee (No. 2148-
2014). All patients gave written informed consent.

3. Results
3.1. Glycoprotein-Driven HCV Entry Is Not Affected by Lipid-Lowering Drugs

To examine the effect of lipid-lowering drugs (LLDs) on glycoprotein (GP) mediated
HCV entry of hepatocytes, we pre-treated Huh-7.5 cells with increasing concentrations of
simvastatin, fenofibrate and alirocumab for 24 h before transduction with pseudoparticles
(pps) encoding for NLuc and pseudotyped with either HCV genotype 1a (H77) E1-E2 GPs
(HCVpp), no GP (NoEnvpp) or Murine Leukemia Virus Env (MLVpp) in combination with
drugs or solvent controls (Figure 1A,C,E). We used Huh-7.5/NLuc cells treated in parallel
with the corresponding drugs to control for cell cytotoxicity (Figure 1B,D,F).

HCVpps and MLVpps transduced the cells about 10 to 400-fold above NoEnv lev-
els, respectively (data not shown). The half-maximal inhibitory concentration (IC50) of
simvastatin and fenofibrate in the HCVpp transduction assay was 10.2 µM and 25.3 µM,
respectively (Figure 1A,C) and correlated with the inhibitory effects for MLV env-driven
transduction (13.5 µM IC50 simvastatin, 25.9 µM fenofibrate), suggesting that the inhibitory
effect is not HCV specific, but rather due to cell cytotoxicity. Indeed, the 50% cytotoxicity
concentrations (CC50) determined in stably NLuc expressing cells of simvastatin and
fenofibrate was 27.4 µM and 26.0 µM, respectively, strongly indicating that the antiviral
effect of these compounds for HCV is associated to antiproliferative effects on Huh-7.5 cells
(Figure 1B,D). The PCSK9 inhibitor alirocumab did not affect GP-driven entry or cell viabil-
ity at the tested concentrations (Figure 1E,F). These results suggest that LLDs do not affect
HCV GP-mediated cell entry at a non-toxic concentration.
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3.2. Lipid-Lowering Drugs Do Not Impact HCV Infection of Human Immortalized or
Primary Hepatocytes

Next, we set out to evaluate the impact of LLDs throughout the whole replication
cycle. We selected the highest non-cytotoxic concentration of simvastatin (1 µM), fenofibrate
(5 µM), and alirocumab (1 µM) (Figure 1B,D,F) and pre-treated Huh-7.5 cells before, during,
and after HCVcc genotype 2a FLuc reporter virus (FLuc-Jc1) inoculation (Figure 2A). We
run MTT assays in parallel to account for cell viability. All LLDs tested failed to significantly
inhibit HCV infection. Merely, simvastatin showed numerical reduction in infectivity of
19.9%. Conversely, alirocumab mildly enhanced infectivity to 118.3% of control. LLDs did
not affect cell viability as measured by the MTT assay. To validate these results in a more
relevant model, we treated primary human hepatocytes (PHH) from three different donors
with the selected LLDs alone or in combination with the JAK/STAT pathway inhibitor
ruxolitinib and infected them with p100pop, a cell culture-adapted HCVcc virus with
higher replication fitness (Figure 2B,C) [47,50,51]. As expected, immunocompetent cells
partially (48 hpi) or completely (72 hpi) controlled HCV particle release and ruxolitinib
treatment circumvented this restriction (Figure 2C). Importantly, LLDs did not significantly
affect HCV replication (Figure 2B) or release (Figure 2C) at any of the time points tested or
when the innate immune response was active or blunted. Altogether, our results suggest
that these drugs do not significantly affect HCV infection in human hepatoma cells.



Cells 2021, 10, 1626 11 of 23

Cells 2021, 10, x FOR PEER REVIEW 11 of 25 
 

 

HCVcc virus with higher replication fitness [Figure 2B,C] [47,50,51]. As expected, immu-
nocompetent cells partially (48 hpi) or completely (72 hpi) controlled HCV particle release 
and ruxolitinib treatment circumvented this restriction [Figure 2C]. Importantly, LLDs 
did not significantly affect HCV replication [Figure 2B] or release [Figure 2C] at any of the 
time points tested or when the innate immune response was active or blunted. Altogether, 
our results suggest that these drugs do not significantly affect HCV infection in human 
hepatoma cells. 

 
Figure 2. Lipid-lowering drugs do not affect HCV genotype 2a infection of Huh-7.5 or primary human hepatocytes. Cell 
culture-derived (HCVcc) infection (black bars) and viability (grey bars) in Huh-7.5 cells (A). Cells were pretreated for 24 
h prior to infection with the indicated drug concentrations. Pretreated cells were infected with an FLuc reporter virus (Jc1-
Fluc) in the presence of drug for 4 h. Virus inoculum was removed, and cells treated with LLDs for 68 h. FLuc activity was 

Figure 2. Lipid-lowering drugs do not affect HCV genotype 2a infection of Huh-7.5 or primary human hepatocytes. Cell
culture-derived (HCVcc) infection (black bars) and viability (grey bars) in Huh-7.5 cells (A). Cells were pretreated for
24 h prior to infection with the indicated drug concentrations. Pretreated cells were infected with an FLuc reporter virus
(Jc1-Fluc) in the presence of drug for 4 h. Virus inoculum was removed, and cells treated with LLDs for 68 h. FLuc activity
was measured and normalized to solvent control (DMSO). Cell viability determined by MTT assay. Graph represents the
average of 3 independent experiments with 3 technical replicates each. Dots show individual values of each experiment.
Error bars represent the SD. For statistical analysis, a multiple comparison two-way ANOVA with a Dunnett correction was
performed (α = 0.05, degrees of freedom (DF) = 20). HCVcc infection of primary human hepatocytes (PHH) (B,C). PHH
from three donors were pretreated for 24 h with LLDs at the indicated concentrations in the absence (B-C, upper panels) or
presence (B,C, lower panels) of the JAK/STAT inhibitor ruxolitinib (10 µM). Cells were then infected for 4 h with 3.75 × 105

TCID50s of the GT2a cell-cultured adapted HCVcc p100pop in combination with the drugs. Virus inoculum was removed,
and drugs added until the indicated times post-infection. Intracellular RNA copies (B) and extracellular infectious particles
(C) were quantified by RT-qPCR and TCID50 assay, respectively. Graphs represent the distribution and median of each
treatment of all donors. Each dot represents an individual donor (circle, triangle, square). Statistics were performed using a
multiple comparison two-way ANOVA with a Dunnett correction (α = 0.05, degrees of freedom (DF) = 32).
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3.3. Genetic Ablation of Lipoprotein Receptors SR-B1 and LDLr Does Not Affect HCV Entry
Factor Expression or Cholesterol Content

To understand the role of lipids and cholesterol homeostasis in HCV infection in more
depth we first decided to block Huh-7.5 cell lipid, and specifically cholesterol, uptake by
genetic ablation of the two main receptors for LDL (LDLr) and HDL (SR-B1) separately
or in combination by CRISPR-Cas9 technology. We targeted exon 4 of the SCARB1 SR-B1
gene and exon 12 of the LDLr gene (LDLR) since these exons are essential for transcription
and translation of all known isoforms of these two proteins (Figure 3A). We generated and
characterized 4 individual clones for SR-B1 (#1, #2, #3, #4) and LDLr (#1, #2, #3, #4) KOs as
well as three clones (#1, #2, #3) for SR-B1/LDLr DKOs.
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expression of lipoprotein receptors SR-B1 and LDLr (B). Cell lysates were evaluated for expression of indicated proteins by
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immunoblot using abs against the specific targets. β-actin was used as an internal control (42 kDa). Cell surface expression
of SR-B1, LDLr, and CD81 in SR-B1 KO clones (light orange bars), LDLr KO clones (grey bars), and DKO clones (light blue
bars) (C). Saturating concentrations of fluorophore conjugates abs against cellular targets and their isotype controls were
used to stain cells for 20 min at 4 ◦C. Stained cells were analyzed by flow cytometry and ∆MFI was calculated as stated
in the methods. ∆MFI values were normalized to parental Huh-7.5 cells. Endogenous expression of HCV entry factors
claudin-1, occludin, and NPC1L1 (D). Protein expression was determined by immunostaining of permeabilized cells with
equal amounts of specific abs or isotype controls for 60 min at 4 ◦C, followed by detection of bound abs with an Alexa
Fluor 488 (AF488)-conjugated secondary ab. Specific staining was determined as ∆MFI. Total cholesterol in lipoprotein
receptor KOs (E). Lipids were extracted from cells as described in the methods. The cholesterol fraction was measured using
a colorimetric assay and cholesterol amount extrapolated from an in-run standard curve and transformed to cholesterol
concentration (µg/µL). KO cells are shown in the same color patterns as for C. Graphs C, D, and E display the average
of three experiments performed in triplicate and represent individual values as black dots. SD is shown as error bars.
Statistical significance of the total (D) or cell surface staining (C) was assessed by a two-way ANOVA with a Dunnett post
hoc (α = 0.05, DF = 72) and with a one-way ANOVA corrected with Dunnett post hoc for the cholesterol content (α = 0.05,
DF = 24) (E). Statistical significance is shown as p-value: * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.

We confirmed that the corresponding clones did not express SR-B1 and/or LDLr by
immunoblot (Figure 3B). These results were also confirmed for cell surface expression of the
respective proteins by flow cytometry (Figure 3C). Interestingly, SR-B1 cell surface levels in
LDLr KO clones #2 and #4 significantly increased in comparison to Huh-7.5 parental cells
but LDLr cell surface expression did not increase in any of the SR-B1-deficient clones.

To rule out compensatory effects, we next assessed the surface expression of HCV
entry factor CD81 [59] (Figure 3C, right panel) as well as the total expression of entry co-
factors claudin-1, occludin, and Niemann-Pick C1-Like 1 (NPC1L1) [41,60,61] in lipoprotein
receptor-deficient cells (Figure 3D and Figure S1B). Notably, we observed a significant
decrease of CD81 surface expression levels in LDLr KO clones #3 and DKO clone #2.
Claudin-1, occludin and NPC1L1 were detected by immunoblot at the expected sizes of
22, 65 and 140 kDa, respectively, in all clones (Figure S1). In contrast to CD81, we did not
observe any drastic change in protein expression levels of claudin-1, occludin, and NPC1L1
in all KO clones but DKO #2, which significantly increased expression of all three proteins
(Figure 3D). Finally, we quantified cholesterol content to rule out any possible secondary
effect on HCV infection due to alteration of cellular cholesterol content. We did not find any
statistically significant differences in cholesterol content among the KO clones regardless of
their genetic background (Figure 3E). The median cholesterol concentrations in lipoprotein
receptor KO clones were slightly higher or similar to parental Huh-7.5 cells (Figure 3E).

In summary, these results suggest, that genetic ablation of SR-B1 and/or LDLr does
not drastically impact HCV entry factor expression or cellular cholesterol content.

3.4. LDLr and SR-B1 Play a Redundant Role in HCV Infection but Not in Entry

To delineate the role of each lipoprotein receptor in HCV infection, we next evaluated
the susceptibility and permissiveness of lipoprotein receptor KOs to HCV. We excluded
LDLr KO #3 and DKO #2 from our main analysis due to their decreased expression of
surface CD81 (Figure 3C). We transduced KO and DKO cells with FLuc-encoding NoEnvpp,
HCVpp from GT1a (H77) and GT2a (J6), or MLVpps for 6 h and measured FLuc activity 72 h
later. We set MLVpp luciferase activity of each experiment to 100 percent (data not shown),
normalized each virus to this value, and subtracted the unspecific entry of NoEnvpps
(Figure 4A). Three out of four SR-B1 KO clones were significantly less susceptible to
HCV GP-driven entry regardless of their genotype. Conversely, only LDLr KO #2 had
lower susceptibility to HCV GP-mediated entry. Importantly, both DKO clones showed
significantly lower HCVpp entry. The average fold-reduction for GT1a H77 HCVpp among
lipoprotein receptor KO cells was 3.5 for SR-B1 and 1.8 for LDLr clones, and 2.5 and 2
for GT2a J6 in SR-B1 and LDLr clones, respectively. Finally, the average HCVpp entry
was 7.9-fold lower for GT1a H77 pps and 6.3 for GT2a J6. Notably, statistical analysis did
not show any significant differences in HCVpp susceptibility between SR-B1 and DKOs.
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LDLr KO #3 and DKO clone #2 were highly refractory to HCVpps, with LDLr KO #3 being
virtually resistant to HCV GT2a J6 E1-E2 transduction [Supplemental 2A]. Our results
confirm the previously observed role of SR-B1 cell surface expression for HCV GP-driven
cell entry and suggest a minor synergistic effect of SR-B1 and LDLr.

Figure 4. Lipoprotein receptor SR-B1 and LDLr do not affect HCV replication, SR-B1 facilitates GP-driven cell entry, and
both redundantly participate in HCV infection. HCV GP-mediated entry in lipoprotein-deficient cells (A). Huh-7.5 parental
(black bars), SR-B1 (light orange bars), LDLr (grey bars), and DKOs (light blue bars) were transduced with NLuc-encoding
GT1a H77 or GT2a J6 HCVpp, negative (NoEnvpp), and positive (MLVpp) controls for 6 h. Six hpt, lentiviral particles
were removed and reporter expression measured 72 h after. Raw relative light units (RLU) values were normalized to
MLVpp values of the same cell line to account for intercellular variation. NoEnvpp normalized values were subtracted
to represent HCV GP-specific entry. HCV subgenomic replication in Huh-7.5 and lipoprotein receptor-deficient cells (B).
Cells were transfected with a HCV GT2a replication-competent (WT) or deficient (∆GDD) subgenomic genomes tagged
with FLuc. RLU values were normalized to 4 h post-electroporation and to MTT values to account for initial RNA delivery
and cell growth variabilities between cell lines. Graph represents the average of three independent experiments performed
in triplicate +/− sem. HCVcc infection of lipoprotein-deficient and parental cells (C). Indicated cell lines were infected
untagged GT2a Jc1 HCVcc. Virus inoculum was removed hpi. Twenty-four hpi cells were lysed and Intracellular HCV RNA
copies determined with an X-tail based absolute RT-qPCR. Data are shown as violin plots with median (black line) and
individual values (black dots). Data distribution is symbolized by the plots’ shape. A two-way ANOVA with Dunnett post
hoc (α = 0.05, DF = 10) was used for statistical analysis of HCV entry and replication assays and a one-way ANOVA with
Sidak’s post hoc for HCVcc infection assay (α = 0.05, DF = 25). p-value was calculated and shown as: * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001.
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LDLr has previously been implicated in HCV replication [15]. To determine the role
of lipoprotein receptors in this step of the virus life cylce, we electroporated Huh-7.5 or
KO cells with a replicative GT2a HCV subgenomic RNA (WT) or a replication-deficient
subgenomic RNA (∆GDD) that encodes for Fluc (Figure 4B and Figure S2B). As expected,
all SR-B1 KOs replicated at similar rates as Huh-7.5 (Figure 4B). Interestingly, while LDLr
KOs #1 and #4 had lower replication rates at 24 and #4 at 48 h post-electroporation, all
DKOs tested had similar replication rates (Figure 4B and Figure S2B). These results suggest
a clone rather than protein-specific effect. As expected, replication-deficient ∆GDD failed to
replicate in all cell lines tested (Figure 4B and Figure S2B). These results rule out a possible
effect of lipoprotein receptors in HCV replication.

Lastly, we inoculated all KO and parental Huh-7.5 cells with untagged Jc1 GT2a
HCVcc for 4 h and let the infection progress for 20 h (Figure 4C and Figure S2C). LDLr
ablation did not affect HCV infectivity in all clones (Figure 4C) but #3 (Figure S2). In line
with the HCVpp results (Figure 4A), infectivity was significantly reduced in all SR-B1 KO
clones with an average 4.8-fold reduction of HCV copies in comparison with parental
Huh-7.5 cells. Strikingly, cell permissiveness was greatly reduced in all DKOs (approx.
52-fold) compared to parental cells (Figure 4C and Figure S2C). These data suggest that
lipoprotein receptors redundantly promote HCVcc infection.

3.5. Lipid-Lowering Drugs Affect HCV Infection in Lipoprotein Receptor-Deficient Cell Lines

To investigate how cellular lipid homeostasis and its modulation by LLDs impacts
HCV infection in a genetically altered background, we selected SR-B1 KO #3, LDLr KO #1,
and DKO #1 for treatment with selected LLDs.

First, we tested whether LLDs could have a cytotoxic effect on cells devoid of lipopro-
tein receptors. Therefore, we treated each lipoprotein-deficient cell line with the concen-
trations previously tested on Huh-7.5 cells (1 µM simvastatin, 5 µM fenofibrate, 1 µM
alirocumab) for 96 h before performing an MTT-based cell viability assay (Figure 5A).
Whereas alirocumab and fenofibrate did not induce cytotoxicity in any of the clones, sim-
vastatin moderately but significantly reduced cell viability by 27.39% when both proteins
were lacking.

We next tested the effect of LLDs on HCV infectivity in the lipoprotein-deficient cells
in a similar fashion as for Huh-7.5 parental cells (Figure 2). FLuc activity values were
measured 72 hpi and normalized to solvent control (Figure 5B). Strikingly, simvastatin and
fenofibrate reduced HCV infection in all KO cell lines. Although fenofibrate diminished
HCV in all KO cell lines by approx. 30-40%, this reduction was not statistically significant.
Strikingly, simvastatin significantly inhibited HCV infection differentially in the three KOs:
single SR-B1 and LDLr KOs had a residual infectivity of 52% and 40%, respectively, but
the effect was additive when both lipoproteins were lacking (25% residual HCV infection),
suggesting that de novo cholesterol synthesis is important for HCV infection. Finally,
alirocumab showed a slightly increased infectivity in LDLr KO #1 cells that was not seen in
the other clones tested. Thus, it appears that among the tested drugs, statins can have a
modest inhibitory effect on HCV infectivity in vitro when SR-B1 and/or LDLr are ablated.
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Figure 5. Lipid-lowering drugs affect HCV infection of lipoprotein receptor-deficient cell lines. Drug-induced cell cytotoxi-
city of lipoprotein receptor-deficient cell lines (A). Huh-7.5 derived SR-B1 KO #3 (light orange bars). LDLr KO #1 (grey
bars) and DKO #1 (light blue bars) were treated with 1 µM simvastatin, 5 µM fenofibrate or 1 µM alirocumab for 96 h. Cell
viability was determined by MTT Assay. (B) HCVcc infection of KO cells (B). SR-B1 KO #3, LDLr KO #1, and DKO #1 were
treated with indicated drugs 24 h before infection with an FLuc reporter GT2a HCV virus (Fluc-Jc1) in the presence of the
compounds or solvent control. 4 h later, virus was removed and drugs applied for extra 72 h before cell lysis and FLuc
measurement. FLuc activities were normalized to DMSO control. Graphs represent 3 independent experiments performed
in triplicates. Bars show the average and error bars in SD. Black dots plot individual values. Multiple comparison two-way
ANOVA with a post hoc Dunnett correction was performed for statistical analysis (α = 0.05, DF = 40). * p ≤ 0.05; ** p ≤ 0.01;
**** p ≤ 0.0001.
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3.6. Retrospective In-Vivo Analysis of a HCV Patient Cohort Suggests a Slight Beneficial Effect of
Statin Usage on Liver Health

Finally, we retrospectively analyzed a cohort of 717 chronically HCV infected patients
and compared statin users and non-statin users in terms of liver damage and HCV RNA
value decline throughout a certain part of the treatment period (week 0 and 2). Table S1
shows baseline characteristics of the analyzed cohort. In line with previous surveys in
Germany [60], approx. 5.72% of chronically infected patients were receiving a statin
at the start of antiviral treatment. Importantly, we could see differences between the
two study groups such as different frequencies of cirrhosis and genotype 3 infection or
inconstant distribution of HCV regimens. To adjust for confounders like presence of
cirrhosis, viral genotypes, and used HCV regimens, we performed two different matchings.
Matching one includes cirrhosis and genotype while matching two additionally covers
HCV regimen. Baseline characteristics of the compared groups are shown in Tables S2 and
S3. We used matching one (GT, cirrhosis) to evaluate viral RNA (Figure 6A), aspartate
aminotransferase (AST) (Figure 6C), and alanine aminotransferase (ALT) (Figure 6E) levels
prior to start of the HCV therapy. Although we found no differences in RNA levels
(Figure 6A) between patients, we observed a lower trend for AST levels (52 U/L for DAA vs.
42.5 for DAA + statins) (Figure 6C) and a statistically significant reduction for ALTs values
(61 U/L vs. 46) in patients under statin treatment (Figure 6D). Two weeks after beginning
HCV treatment, we accounted for cirrhosis, GT, and HCV regimen (matching two) and
observed no significant differences in viral RNA, AST, or ALT levels (Figure 6B,E,D). Taken
together, our results indicate that statins do not likely affect HCV infection in vivo but
may partially protect chronically infected patients before therapy from virus-associated
liver damage.
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4. Discussion

The well-established link between lipid metabolism and HCV replication cycle prompted
us to study the interplay between lipoprotein receptors and lipid-lowering drugs (LLDs)
during HCV infection. While some aspects of the interaction between the HCV replica-
tion cycle and LLDs—most notably statins—have previously been studied by others, it
remained elusive if combined genetic and pharmacological perturbations targeting host
lipid metabolism affect HCV replication. We could confirm that lipoprotein receptors SR-B1
and LDLr play a redundant role in HCV infection that is not dependent on cellular choles-
terol content or expression of HCV entry co-factors. Furthermore, we could demonstrate
that HCV is more susceptible to LLDs simvastatin and fenofibrate when these receptors
are missing. Lastly, statins do not seem to influence HCV viral loads but may improve
liver health in vivo in our retrospectively analyzed cohort of HCV infected patients under
antiviral therapy.

It is widely accepted that the lipoprotein receptor SR-B1 is critical for HCV entry, while
the role of LDLr and whether it is truly required for HCV entry has long been debated.
SR-B1 is known to interact with both LVP-embedded ApoE and the viral glycoprotein E2,
which ultimately facilitate binding of E2 to the CD81 receptor [11,14]. Moreover, naturally
occurring single-nucleotide polymorphisms (SNPs) S112F and T175A are both associated
to high HDL-cholesterol serum levels and decrease HCV uptake [13,61]. Here we showed
that ablation of SR-B1 affects GP-driven entry, confirming these observations. Likewise,
LDLr promotes viral entry by a process dependent on its lipid-binding region [12,13] and
an association between SNP rs688 and HCV resistance among HCV multiple exposed
individuals has been suggested [62]. In 2016, Yamamoto and colleagues showed that SR-B1
and LDLr may redundantly participate in HCV entry and this effect was dependent on the
HDL and LDL binding regions of SR-B1 and LDLr, respectively [13]. However, expression
of HCV entry factors such as occludin, claudin-1, or NPC1L as well as differences in cellular
cholesterol content were not assessed in the lipoprotein receptor-deficient cell lines in this
previous study. Our study confirms and builds on their results by showing that HCV
co-factors and cholesterol content are not dramatically affected by lipoprotein receptor
ablation (Figure 3D,E). Notably, we observed interclonal variation of SR-B1 and CD81 cell
surface levels (Figure 3C). Alterations in CD81 surface expression levels has previously
been reported in clonal populations of hepatoma cells [63,64]. Whereas SR-B1 upregulation
in LDLr knock-out (KOs) was mild, decreased CD81 cell surface expression was substantial
in some clones and this may disturb HCV uptake. In keeping with this, HCV entry and
infection in the clones LDLr KO #3 and DKO #2 was greatly reduced (Figure S2A,C). These
results bring to light the drawbacks of the genetic variability among KO cell clones sourcing
from a common parental cell line and underscore the importance of analyzing multiple KO
clones for conclusive findings.

LLDs failed to decrease HCV infection in Huh-7.5 or PHH cells in our study (Figure 2).
Although this is in agreement with previous research regarding the PCSK-9 inhibitor
alirocumab [31], our results differ from previous findings for the statin simvastatin [27,28].
This disparity might be related to drug-induced cytotoxicity since drug concentrations
used in previous studies were close to our calculated half-maximal cytotoxic concentration
(CC50, 27.4 µM, Figure 1). Alternatively, known pleiotropic effects of statins [reviewed
in [65,66]] might differ depending on the cell type. Finally, to our knowledge, this is the
first study investigating the role of fenofibrate on the whole HCV replication cycle. In
summary, we suggest that clinically-relevant drug concentrations [67] of the selected LLDs
do not affect HCV infection.

Statins target 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, a
rate-limiting, pivotal enzyme of the mevalonate pathway [19,20]. This pathway controls
both de novo cholesterol synthesis and protein prenylation (geranylgeranylation and far-
nesylation) [20]. For HCV it was previously suggested that replication is dependent on
geranylgeranylation of an unknown host protein [26]. Here we showed in lipoprotein
receptor-deficient cell lines (Figure 3A,B) that statins significantly decrease HCV infection
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(Figure 5B) without a major impact on cell viability (Figure 5A). This suggests de novo
cholesterol synthesis and not protein prenylation as the main determinant of HCV suscepti-
bility (Figure 5B). Nevertheless, additional effects of statins on HCV replication via protein
prenylation might explain the slight reduction we observed in parental Huh-7.5 cells after
treatment with simvastatin (Figure 3A). Future studies should address which steps of the
HCV replication cycle are modulated in lipoprotein-deficient cells after statin treatment
as well as which metabolites (mevalonate, geranylgeranyl pyrophosphate, and squalene)
could rescue HCV infectivity.

Alirocumab targets the secreted proprotein convertase subtilisin/kexin type 9 (PCSK-
9), which binds to LDLr at the plasma membrane and promotes its lysosomal degrada-
tion [23]. We observed a slight enhancing effect of alirocumab on HCV infectivity in the
LDL receptor-deficient cells (Figure 5B). Although we do not expect this effect to be biolog-
ically relevant, we hypothesize that in the absence of LDLr, PCSK-9 might bind surface
SR-B1 and target it for degradation, as previously suggested [68]. Therefore, alirocumab
may prevent the interaction of PCSK-9 and SR-B1 and leave SR-B1 cell surface levels un-
altered. Following studies could address this theory by assessing the cell surface levels
of SR-B1 in the presence or absence of alirocumab in LDLr-deficient cell lines. Lastly,
fibrates stimulate peroxisome proliferator-activated receptor (PPAR) alpha, which in turn
inhibit triglyceride synthesis and increase lipoprotein lipase activity and thereby leading to
decreased VLDL assembly and secretion [22]. Fenofibrate mildly inhibited HCV infection
of all tested lipoprotein-deficient cell (Figure 5B). Interestingly, reduction of HCV infection
was comparable in all cell lines regardless of their genetic background, suggesting that the
mode of action of fenofibrate is common in all lipoprotein receptor-deficient cells. Since fi-
brates induce fatty acid uptake [69] and reduce VLDL secretion [70], ablation of lipoprotein
receptors preventing fatty acid uptake together with fibrate treatment decreasing VLDL
synthesis results in decreased HCV assembly and release. On the other hand, lipoprotein
lipase has been shown to block HCV entry [71]. An increase of this enzyme by fibrates may
thus have an additional inhibitory effect. Taken together, we observe differential effects of
different classes of LLDs on HCV infection.

The effect of statins on HCV infection in patients is controversial [29,35,36]. A study
on recently diagnosed chronically HCV infected patients did not see differences in viral
loads [35]. Conversely, combination of statins with PEGylated interferon or direct-acting
antivirals (DAAs) significantly decreased HCV viral loads and improved sustained viro-
logical responses among patients as compared to PEGylated interferon or DAA treatment
alone [29,36]. Our findings suggest that statins may not have a beneficial effect when in
combination with specific HCV therapeutics (Figure 6 B,D,F). Besides their role as LLDs,
statins are also known to be anti-inflammatory, antifibrotic, and antiangiogenic and thus
are thought to protect against chronic inflammatory diseases such as progression of hep-
atic fibrosis [reviewed in [72]]. Our findings may partly support this model showing a
lower trend of AST and significantly reduced ALT levels in patients under statin therapy
before DAA treatment (Figure 6C–F). The most important limitation of the studied cohort
is the heterogeneous nature of the baseline characteristics. Indeed, different frequencies
of cirrhosis and genotype 3 infections, as well as the inconstant distribution of the HCV
regimens between the groups can be seen as confounding factors. Hence, we adjusted
for possible confounders by matching for different parameters. Matching two (cirrhosis,
genotype and regimen) is in our opinion superior to matching one (cirrhosis, genotype)
when it comes to interpreting the time points after therapy start. Matching one should only
be used to especially focus on week 0 data due to the missing regimen matching. Therefore,
significant differences in RNA levels and liver damage markers after therapy start should
be neglected in this case. Additionally, the analysis has more limitations. No dosing data
of the statins were included, and statin use was only evaluated at one time point during
the analysis. Due to the fact that the matching was done in the order of appearance in
the original data set, this type of matching could lead to different results when choosing
different matching partners from the original cohort. Nevertheless, we think that these
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in vivo data may add some interesting hints to the mainly experimental dimensions of this
work, but we suggest a careful interpretation of the data.

In summary, in this study, we comprehensively analyzed the combined effects of LLD
treatment and genetic alterations of lipoprotein receptors on HCV infection. Our findings
suggest that fibrates and PCSK-9 inhibitors do not considerably impact HCV infectivity,
whereas statins can affect the HCV replication cycle by inhibition of the de novo cholesterol
synthesis branch of the mevalonate pathway. Importantly, statins may partly protect against
virus-induced liver damage. Future studies dissecting the HCV replication cycle steps
affected by statins may shed light on the specific mechanism underlying statin-induced
HCV inhibition.
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10.3390/cells10071626/s1, Figure S1. HCV entry co-factor expression. Figure S2. HCV entry,
replication, and infectivity of lipoprotein receptor knock-outs LDLr #3 and DKO #2. Table S1.
Baseline characteristics of patient cohort. Table S2. Matching 1 characteristics of patients. Table S3.
Matching 2 characteristicis of patients.

Author Contributions: Conceptualization, T.v.H. and G.G.; methodology, F.J.Z.-B., R.Ö., J.S., B.C.-M.,
G.B., L.M.A.-F.; validation, F.J.Z.-B., T.v.H. and G.G.; formal analysis, F.J.Z.-B., R.Ö., J.S., B.S., B.C.-M.,
G.B.; investigation, F.J.Z.-B., R.Ö., J.S., B.C.-M., G.B., L.M.A.-F.; resources, B.S, F.W.R.V., B.M.; data
curation, F.J.Z.-B., R.Ö.; writing—original draft preparation, F.J.Z.-B., R.Ö.; writing—review and
editing, F.J.Z.-B., R.Ö., T.v.H., G.G.; visualization, F.J.Z.-B., R.Ö.; supervision, T.v.H., G.G.; project
administration, F.J.Z.-B., T.v.H, G.G.; funding acquisition, B.M., T.v.H., G.G. All authors have read
and agreed to the published version of the manuscript.

Funding: G.G. was supported by the Knut and Alice Wallenberg Foundation, the Federal Ministry
of Education and Research together with the Ministry of Science and Culture of Lower Saxony
through the Professorinnen Programm III and the Federal Ministry of Education and Research (project
COVID-Protect, Projektnummer 01KI20143C); G.G. and T. von H. received funding from the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) - Projektnummer 158989968 - SFB 900
project C7. G.B was supported by a grant from Niedersächsisches Ministerium für Wissenschaft und
Kultur und Volkswagen Stiftung awarded to G.G (Project number: J 11-76251-99-3/19 (ZN3434)).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the local ethics committee (No. 2148-2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to patient confidentiality.

Acknowledgments: We thank Charles Rice for provision of reagents. We also thank Corinne Ginkel
and Mandy Döpke for technical support.

Conflicts of Interest: B.M. received speaker and/or consulting fees from Abbott Molecular, AbbVie,
Janssen-Cilag, Merck (MSD), and Roche. He also received research support from Abbott Molecular
and Roche. B.S. received consulting fees from Gilead Sciences GmbH. The funders had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1. Hepatitis C. Available online: https://www.who.int/news-room/fact-sheets/detail/hepatitis-c (accessed on 26 June 2020).
2. Bhamidimarri, K.R.; Satapathy, S.K.; Martin, P. Hepatitis C virus and liver transplantation. Gastroenterol. Hepatol. 2017, 13,

214–220.
3. Pecoraro, V.; Banzi, R.; Cariani, E.; Chester, J.; Villa, E.; D’Amico, R.; Bertele, V.; Trenti, T. New Direct-Acting Antivirals for the

Treatment of Patients with Hepatitis C Virus Infection: A Systematic Review of Randomized Controlled Trials. J. Clin. Exp.
Hepatol. 2019, 9, 522–538. [CrossRef] [PubMed]

4. Jacobson, I.M.; McHutchison, J.G.; Dusheiko, G.; Di Bisceglie, A.M.; Reddy, K.R.; Bzowej, N.H.; Marcellin, P.; Muir, A.J.; Ferenci,
P.; Flisiak, R.; et al. ADVANCE Study Team Telaprevir for previously untreated chronic hepatitis C virus infection. N. Engl. J. Med.
2011, 364, 2405–2416. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells10071626/s1
https://www.mdpi.com/article/10.3390/cells10071626/s1
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
http://doi.org/10.1016/j.jceh.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/31516269
http://doi.org/10.1056/NEJMoa1012912
http://www.ncbi.nlm.nih.gov/pubmed/21696307


Cells 2021, 10, 1626 21 of 23

5. Feld, J.J.; Jacobson, I.M.; Hézode, C.; Asselah, T.; Ruane, P.J.; Gruener, N.; Abergel, A.; Mangia, A.; Lai, C.-L.; Chan, H.L.Y.; et al.
ASTRAL-1 Investigators Sofosbuvir and velpatasvir for HCV genotype 1, 2, 4, 5, and 6 infection. N. Engl. J. Med. 2015, 373,
2599–2607. [CrossRef]

6. Thomssen, R.; Bonk, S.; Propfe, C.; Heermann, K.H.; Köchel, H.G.; Uy, A. Association of hepatitis C virus in human sera with
beta-lipoprotein. Med. Microbiol. Immunol. 1992, 181, 293–300. [CrossRef]

7. André, P.; Komurian-Pradel, F.; Deforges, S.; Perret, M.; Berland, J.L.; Sodoyer, M.; Pol, S.; Bréchot, C.; Paranhos-Baccalà, G.;
Lotteau, V. Characterization of low- and very-low-density hepatitis C virus RNA-containing particles. J. Virol. 2002, 76, 6919–6928.
[CrossRef] [PubMed]

8. Egger, D.; Wölk, B.; Gosert, R.; Bianchi, L.; Blum, H.E.; Moradpour, D.; Bienz, K. Expression of hepatitis C virus proteins induces
distinct membrane alterations including a candidate viral replication complex. J. Virol. 2002, 76, 5974–5984. [CrossRef] [PubMed]

9. Miyanari, Y.; Atsuzawa, K.; Usuda, N.; Watashi, K.; Hishiki, T.; Zayas, M.; Bartenschlager, R.; Wakita, T.; Hijikata, M.; Shimotohno,
K. The lipid droplet is an important organelle for hepatitis C virus production. Nat. Cell Biol. 2007, 9, 1089–1097. [CrossRef]

10. Huang, H.; Sun, F.; Owen, D.M.; Li, W.; Chen, Y.; Gale, M.; Ye, J. Hepatitis C virus production by human hepatocytes dependent
on assembly and secretion of very low-density lipoproteins. Proc. Natl. Acad. Sci. USA 2007, 104, 5848–5853. [CrossRef]

11. Scarselli, E.; Ansuini, H.; Cerino, R.; Roccasecca, R.M.; Acali, S.; Filocamo, G.; Traboni, C.; Nicosia, A.; Cortese, R.; Vitelli, A. The
human scavenger receptor class B type I is a novel candidate receptor for the hepatitis C virus. EMBO J. 2002, 21, 5017–5025.
[CrossRef]

12. Agnello, V.; Abel, G.; Elfahal, M.; Knight, G.B.; Zhang, Q.X. Hepatitis C virus and other flaviviridae viruses enter cells via low
density lipoprotein receptor. Proc. Natl. Acad. Sci. USA 1999, 96, 12766–12771. [CrossRef] [PubMed]

13. Yamamoto, S.; Fukuhara, T.; Ono, C.; Uemura, K.; Kawachi, Y.; Shiokawa, M.; Mori, H.; Wada, M.; Shima, R.; Okamoto, T.; et al.
Lipoprotein receptors redundantly participate in entry of hepatitis C virus. PLoS Pathog. 2016, 12, e1005610. [CrossRef] [PubMed]

14. Dao Thi, V.L.; Granier, C.; Zeisel, M.B.; Guérin, M.; Mancip, J.; Granio, O.; Penin, F.; Lavillette, D.; Bartenschlager, R.; Baumert,
T.F.; et al. Characterization of hepatitis C virus particle subpopulations reveals multiple usage of the scavenger receptor BI for
entry steps. J. Biol. Chem. 2012, 287, 31242–31257. [CrossRef] [PubMed]

15. Albecka, A.; Belouzard, S.; Op de Beeck, A.; Descamps, V.; Goueslain, L.; Bertrand-Michel, J.; Tercé, F.; Duverlie, G.; Rouillé, Y.;
Dubuisson, J. Role of low-density lipoprotein receptor in the hepatitis C virus life cycle. Hepatology 2012, 55, 998–1007. [CrossRef]

16. Owen, D.M.; Huang, H.; Ye, J.; Gale, M. Apolipoprotein E on hepatitis C virion facilitates infection through interaction with
low-density lipoprotein receptor. Virology 2009, 394, 99–108. [CrossRef]

17. Wünschmann, S.; Medh, J.D.; Klinzmann, D.; Schmidt, W.N.; Stapleton, J.T. Characterization of hepatitis C virus (HCV) and HCV
E2 interactions with CD81 and the low-density lipoprotein receptor. J. Virol. 2000, 74, 10055–10062. [CrossRef]

18. Chhetry, M.; Jialal, I. Lipid lowering drug therapy. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.
19. Istvan, E.S.; Deisenhofer, J. Structural mechanism for statin inhibition of HMG-CoA reductase. Science 2001, 292, 1160–1164.

[CrossRef] [PubMed]
20. Goldstein, J.L.; Brown, M.S. Regulation of the mevalonate pathway. Nature 1990, 343, 425–430. [CrossRef]
21. Ghonem, N.S.; Assis, D.N.; Boyer, J.L. Fibrates and cholestasis. Hepatology 2015, 62, 635–643. [CrossRef]
22. Staels, B.; Dallongeville, J.; Auwerx, J.; Schoonjans, K.; Leitersdorf, E.; Fruchart, J.C. Mechanism of action of fibrates on lipid and

lipoprotein metabolism. Circulation 1998, 98, 2088–2093. [CrossRef]
23. Lagace, T.A. PCSK9 and LDLR degradation: Regulatory mechanisms in circulation and in cells. Curr. Opin. Lipidol. 2014, 25,

387–393. [CrossRef]
24. Lagace, T.A.; Curtis, D.E.; Garuti, R.; McNutt, M.C.; Park, S.W.; Prather, H.B.; Anderson, N.N.; Ho, Y.K.; Hammer, R.E.; Horton,

J.D. Secreted PCSK9 decreases the number of LDL receptors in hepatocytes and in livers of parabiotic mice. J. Clin. Investig. 2006,
116, 2995–3005. [CrossRef]

25. Mullard, A. Cholesterol-lowering blockbuster candidates speed into Phase III trials. Nat. Rev. Drug. Discov. 2012, 11, 817–819.
[CrossRef]

26. Ye, J.; Wang, C.; Sumpter, R.; Brown, M.S.; Goldstein, J.L.; Gale, M. Disruption of hepatitis C virus RNA replication through
inhibition of host protein geranylgeranylation. Proc. Natl. Acad. Sci. USA 2003, 100, 15865–15870. [CrossRef]

27. Blanchet, M.; Le, Q.-T.; Seidah, N.G.; Labonté, P. Statins can exert dual, concentration dependent effects on HCV entry in vitro.
Antivir. Res. 2016, 128, 43–48. [CrossRef]

28. Wuestenberg, A.; Kah, J.; Singethan, K.; Sirma, H.; Keller, A.D.; Rosal, S.R.P.; Schrader, J.; Loscher, C.; Volz, T.; Bartenschlager,
R.; et al. Matrix conditions and KLF2-dependent induction of heme oxygenase-1 modulate inhibition of HCV replication by
fluvastatin. PLoS ONE 2014, 9, e96533. [CrossRef] [PubMed]

29. Ikeda, M.; Abe, K.; Yamada, M.; Dansako, H.; Naka, K.; Kato, N. Different anti-HCV profiles of statins and their potential for
combination therapy with interferon. Hepatology 2006, 44, 117–125. [CrossRef] [PubMed]

30. Delang, L.; Paeshuyse, J.; Vliegen, I.; Leyssen, P.; Obeid, S.; Durantel, D.; Zoulim, F.; Op de Beeck, A.; Neyts, J. Statins potentiate
the in vitro anti-hepatitis C virus activity of selective hepatitis C virus inhibitors and delay or prevent resistance development.
Hepatology 2009, 50, 6–16. [CrossRef] [PubMed]

31. Ramanathan, A.; Gusarova, V.; Stahl, N.; Gurnett-Bander, A.; Kyratsous, C.A. Alirocumab, a Therapeutic Human Antibody to
PCSK9, Does Not Affect CD81 Levels or Hepatitis C Virus Entry and Replication into Hepatocytes. PLoS ONE 2016, 11, e0154498.
[CrossRef]

http://doi.org/10.1056/NEJMoa1512610
http://doi.org/10.1007/BF00198849
http://doi.org/10.1128/JVI.76.14.6919-6928.2002
http://www.ncbi.nlm.nih.gov/pubmed/12072493
http://doi.org/10.1128/JVI.76.12.5974-5984.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021330
http://doi.org/10.1038/ncb1631
http://doi.org/10.1073/pnas.0700760104
http://doi.org/10.1093/emboj/cdf529
http://doi.org/10.1073/pnas.96.22.12766
http://www.ncbi.nlm.nih.gov/pubmed/10535997
http://doi.org/10.1371/journal.ppat.1005610
http://www.ncbi.nlm.nih.gov/pubmed/27152966
http://doi.org/10.1074/jbc.M112.365924
http://www.ncbi.nlm.nih.gov/pubmed/22767607
http://doi.org/10.1002/hep.25501
http://doi.org/10.1016/j.virol.2009.08.037
http://doi.org/10.1128/JVI.74.21.10055-10062.2000
http://doi.org/10.1126/science.1059344
http://www.ncbi.nlm.nih.gov/pubmed/11349148
http://doi.org/10.1038/343425a0
http://doi.org/10.1002/hep.27744
http://doi.org/10.1161/01.CIR.98.19.2088
http://doi.org/10.1097/MOL.0000000000000114
http://doi.org/10.1172/JCI29383
http://doi.org/10.1038/nrd3879
http://doi.org/10.1073/pnas.2237238100
http://doi.org/10.1016/j.antiviral.2016.02.006
http://doi.org/10.1371/journal.pone.0096533
http://www.ncbi.nlm.nih.gov/pubmed/24801208
http://doi.org/10.1002/hep.21232
http://www.ncbi.nlm.nih.gov/pubmed/16799963
http://doi.org/10.1002/hep.22916
http://www.ncbi.nlm.nih.gov/pubmed/19437494
http://doi.org/10.1371/journal.pone.0154498


Cells 2021, 10, 1626 22 of 23

32. Sabile, A.; Perlemuter, G.; Bono, F.; Kohara, K.; Demaugre, F.; Kohara, M.; Matsuura, Y.; Miyamura, T.; Bréchot, C.; Barba,
G. Hepatitis C virus core protein binds to apolipoprotein AII and its secretion is modulated by fibrates. Hepatology 1999, 30,
1064–1076. [CrossRef]

33. Wang, Z.; Gao, Y.; Zhang, C.; Hu, H.; Guo, D.; Xu, Y.; Xu, Q.; Zhang, W.; Deng, S.; Lv, P.; et al. Quinolinate phosphoribosyltrans-
ferase is an antiviral host factor against hepatitis C virus infection. Sci. Rep. 2017, 7, 5876. [CrossRef]

34. Bader, T.; Hughes, L.D.; Fazili, J.; Frost, B.; Dunnam, M.; Gonterman, A.; Madhoun, M.; Aston, C.E. A randomized controlled
trial adding fluvastatin to peginterferon and ribavirin for naïve genotype 1 hepatitis C patients. J. Viral. Hepat. 2013, 20, 622–627.
[CrossRef]

35. Forde, K.-A.; Law, C.; O’Flynn, R.; Kaplan, D.-E. Do statins reduce hepatitis C RNA titers during routine clinical use? World J.
Gastroenterol. 2009, 15, 5020–5027. [CrossRef] [PubMed]

36. Butt, A.A.; Yan, P.; Bonilla, H.; Abou-Samra, A.-B.; Shaikh, O.S.; Simon, T.G.; Chung, R.T.; Rogal, S.S. ERCHIVES (Electronically
Retrieved Cohort of HCV Infected Veterans) Study Team Effect of addition of statins to antiviral therapy in hepatitis C virus-
infected persons: Results from ERCHIVES. Hepatology 2015, 62, 365–374. [CrossRef] [PubMed]

37. Atsukawa, M.; Tsubota, A.; Kondo, C.; Itokawa, N.; Narahara, Y.; Nakatsuka, K.; Hashimoto, S.; Fukuda, T.; Matsushita, Y.;
Kidokoro, H.; et al. Combination of fluvastatin with pegylated interferon/ribavirin therapy reduces viral relapse in chronic
hepatitis C infected with HCV genotype 1b. J. Gastroenterol. Hepatol. 2013, 28, 51–56. [CrossRef] [PubMed]

38. Fujita, N.; Kaito, M.; Kai, M.; Sugimoto, R.; Tanaka, H.; Horiike, S.; Konishi, M.; Iwasa, M.; Watanabe, S.; Adachi, Y. Effects of
bezafibrate in patients with chronic hepatitis C virus infection: Combination with interferon and ribavirin. J. Viral. Hepat. 2006,
13, 441–448. [CrossRef] [PubMed]

39. Knop, V.; Bergk, A.; Schlosser, B.; Thieringer, J.; van Bömmel, F.; Frost, N.; Kintscher, U.; Berg, T. Bezafibrate maintenance therapy
in patients with advanced chronic hepatitis C. Eur. J. Gastroenterol. Hepatol. 2013, 25, 594–600. [CrossRef]

40. Labonté, P.; Begley, S.; Guévin, C.; Asselin, M.-C.; Nassoury, N.; Mayer, G.; Prat, A.; Seidah, N.G. PCSK9 impedes hepatitis C
virus infection in vitro and modulates liver CD81 expression. Hepatology 2009, 50, 17–24. [CrossRef]

41. Evans, M.J.; von Hahn, T.; Tscherne, D.M.; Syder, A.J.; Panis, M.; Wölk, B.; Hatziioannou, T.; McKeating, J.A.; Bieniasz, P.D.; Rice,
C.M. Claudin-1 is a hepatitis C virus co-receptor required for a late step in entry. Nature 2007, 446, 801–805. [CrossRef] [PubMed]

42. Gunesch, A.P.; Zapatero-Belinchón, F.J.; Pinkert, L.; Steinmann, E.; Manns, M.P.; Schneider, G.; Pietschmann, T.; Brönstrup, M.;
von Hahn, T. Filovirus Antiviral Activity of Cationic Amphiphilic Drugs Is Associated with Lipophilicity and Ability To Induce
Phospholipidosis. Antimicrob. Agents Chemother. 2020, 64, e00143-20. [CrossRef]

43. Bartosch, B.; Dubuisson, J.; Cosset, F.-L. Infectious hepatitis C virus pseudo-particles containing functional E1-E2 envelope protein
complexes. J. Exp. Med. 2003, 197, 633–642. [CrossRef]

44. Pietschmann, T.; Kaul, A.; Koutsoudakis, G.; Shavinskaya, A.; Kallis, S.; Steinmann, E.; Abid, K.; Negro, F.; Dreux, M.; Cosset,
F.-L.; et al. Construction and characterization of infectious intragenotypic and intergenotypic hepatitis C virus chimeras. Proc.
Natl. Acad. Sci. USA 2006, 103, 7408–7413. [CrossRef]

45. Koutsoudakis, G.; Kaul, A.; Steinmann, E.; Kallis, S.; Lohmann, V.; Pietschmann, T.; Bartenschlager, R. Characterization of the
early steps of hepatitis C virus infection by using luciferase reporter viruses. J. Virol. 2006, 80, 5308–5320. [CrossRef]

46. Sakuma, T.; Nishikawa, A.; Kume, S.; Chayama, K.; Yamamoto, T. Multiplex genome engineering in human cells using all-in-one
CRISPR/Cas9 vector system. Sci. Rep. 2014, 4, 5400. [CrossRef] [PubMed]

47. Sheldon, J.; Beach, N.M.; Moreno, E.; Gallego, I.; Piñeiro, D.; Martínez-Salas, E.; Gregori, J.; Quer, J.; Esteban, J.I.; Rice, C.M.; et al.
Increased replicative fitness can lead to decreased drug sensitivity of hepatitis C virus. J. Virol. 2014, 88, 12098–12111. [CrossRef]

48. Ciesek, S.; Westhaus, S.; Wicht, M.; Wappler, I.; Henschen, S.; Sarrazin, C.; Hamdi, N.; Abdelaziz, A.I.; Strassburg, C.P.; Wedemeyer,
H.; et al. Impact of intra- and interspecies variation of occludin on its function as coreceptor for authentic hepatitis C virus
particles. J. Virol. 2011, 85, 7613–7621. [CrossRef] [PubMed]

49. Kleine, M.; Riemer, M.; Krech, T.; DeTemple, D.; Jäger, M.D.; Lehner, F.; Manns, M.P.; Klempnauer, J.; Borlak, J.; Bektas, H.; et al.
Explanted diseased livers—A possible source of metabolic competent primary human hepatocytes. PLoS ONE 2014, 9, e101386.
[CrossRef] [PubMed]

50. Perales, C.; Beach, N.M.; Gallego, I.; Soria, M.E.; Quer, J.; Esteban, J.I.; Rice, C.; Domingo, E.; Sheldon, J. Response of hepatitis C
virus to long-term passage in the presence of alpha interferon: Multiple mutations and a common phenotype. J. Virol. 2013, 87,
7593–7607. [CrossRef] [PubMed]

51. Carpentier, A.; Sheldon, J.; Vondran, F.W.R.; Brown, R.J.; Pietschmann, T. Efficient acute and chronic infection of stem cell-derived
hepatocytes by hepatitis C virus. Gut 2020, 69, 1659–1666. [CrossRef]

52. Costa, R.; Todt, D.; Zapatero-Belinchón, F.; Schenk, C.; Anastasiou, O.E.; Walker, A.; Hertel, B.; Timmer, L.; Bojkova, D.; Ruckert,
M.; et al. SEC14L2, a lipid-binding protein, regulates HCV replication in culture with inter- and intra-genotype variations. J.
Hepatol. 2019, 70, 603–614. [CrossRef]

53. Okonechnikov, K.; Golosova, O.; Fursov, M. UGENE team Unipro UGENE: A unified bioinformatics toolkit. Bioinformatics 2012,
28, 1166–1167. [CrossRef]

54. Vieyres, G.; Pietschmann, T. Entry and replication of recombinant hepatitis C viruses in cell culture. Methods 2013, 59, 233–248.
[CrossRef]

http://doi.org/10.1002/hep.510300429
http://doi.org/10.1038/s41598-017-06254-4
http://doi.org/10.1111/jvh.12085
http://doi.org/10.3748/wjg.15.5020
http://www.ncbi.nlm.nih.gov/pubmed/19859994
http://doi.org/10.1002/hep.27835
http://www.ncbi.nlm.nih.gov/pubmed/25847403
http://doi.org/10.1111/j.1440-1746.2012.07267.x
http://www.ncbi.nlm.nih.gov/pubmed/22989264
http://doi.org/10.1111/j.1365-2893.2005.00718.x
http://www.ncbi.nlm.nih.gov/pubmed/16792537
http://doi.org/10.1097/MEG.0b013e32835cc878
http://doi.org/10.1002/hep.22911
http://doi.org/10.1038/nature05654
http://www.ncbi.nlm.nih.gov/pubmed/17325668
http://doi.org/10.1128/AAC.00143-20
http://doi.org/10.1084/jem.20021756
http://doi.org/10.1073/pnas.0504877103
http://doi.org/10.1128/JVI.02460-05
http://doi.org/10.1038/srep05400
http://www.ncbi.nlm.nih.gov/pubmed/24954249
http://doi.org/10.1128/JVI.01860-14
http://doi.org/10.1128/JVI.00212-11
http://www.ncbi.nlm.nih.gov/pubmed/21632765
http://doi.org/10.1371/journal.pone.0101386
http://www.ncbi.nlm.nih.gov/pubmed/24999631
http://doi.org/10.1128/JVI.02824-12
http://www.ncbi.nlm.nih.gov/pubmed/23637397
http://doi.org/10.1136/gutjnl-2019-319354
http://doi.org/10.1016/j.jhep.2018.11.012
http://doi.org/10.1093/bioinformatics/bts091
http://doi.org/10.1016/j.ymeth.2012.09.005


Cells 2021, 10, 1626 23 of 23

55. Zapatero-Belinchón, F.J.; Dietzel, E.; Dolnik, O.; Döhner, K.; Costa, R.; Hertel, B.; Veselkova, B.; Kirui, J.; Klintworth, A.; Manns,
M.P.; et al. Characterization of the Filovirus-Resistant Cell Line SH-SY5Y Reveals Redundant Role of Cell Surface Entry Factors.
Viruses 2019, 11, 275. [CrossRef]

56. Bruening, J.; Lasswitz, L.; Banse, P.; Kahl, S.; Marinach, C.; Vondran, F.W.; Kaderali, L.; Silvie, O.; Pietschmann, T.; Meissner,
F.; et al. Hepatitis C virus enters liver cells using the CD81 receptor complex proteins calpain-5 and CBLB. PLoS Pathog. 2018, 14,
e1007111. [CrossRef]

57. Riss, T.L.; Moravec, R.A.; Niles, A.L.; Benink, H.A.; Worzella, T.J.; Minor, L. Cell Viability Assays. In Assay Guidance Manual;
Sittampalam, G.S., Coussens, N.P., Nelson, H., Arkin, M., Auld, D., Austin, C., Bejcek, B., Glicksman, M., Inglese, J., Iversen,
P.W., et al., Eds.; Eli Lilly & Company and the National Center for Advancing Translational Sciences: Bethesda, MD, USA, 2004.

58. Maasoumy, B.; Vermehren, J.; Welker, M.-W.; Bremer, B.; Perner, D.; Höner Zu Siederdissen, C.; Deterding, K.; Lehmann, P.;
Cloherty, G.; Reinhardt, B.; et al. Clinical value of on-treatment HCV RNA levels during different sofosbuvir-based antiviral
regimens. J. Hepatol. 2016, 65, 473–482. [CrossRef] [PubMed]

59. Pileri, P.; Uematsu, Y.; Campagnoli, S.; Galli, G.; Falugi, F.; Petracca, R.; Weiner, A.J.; Houghton, M.; Rosa, D.; Grandi, G.; et al.
Binding of hepatitis C virus to CD81. Science 1998, 282, 938–941. [CrossRef]

60. Knopf, H.C.; Busch, M.A.; Du, Y.; Truthmann, J.; Schienkiewitz, A.; Scheidt-Nave, C. Changes in the prevalence of statin use in
Germany—Findings from national health interview and examination surveys 1997–1999 and 2008–2011. Z. Evid. Fortbild. Qual.
Gesundhwes. 2017, 122, 22–31. [CrossRef] [PubMed]

61. Westhaus, S.; Deest, M.; Nguyen, A.T.X.; Stanke, F.; Heckl, D.; Costa, R.; Schambach, A.; Manns, M.P.; Berg, T.; Vondran,
F.W.R.; et al. Scavenger receptor class B member 1 (SCARB1) variants modulate hepatitis C virus replication cycle and viral load.
J. Hepatol. 2017, 67, 237–245. [CrossRef] [PubMed]

62. Steba, G.S.; Koekkoek, S.M.; Tanck, M.W.T.; Vanhommerig, J.W.; van der Meer, J.T.M.; Kwa, D.; Brinkman, K.; Prins, M.;
Berkhout, B.; Pollakis, G.; et al. MOSAIC (MSM observational Study of Acute infection with Hepatitis C) Study Group and the
ACS (Amsterdam Cohort Studies) SNP rs688 within the low-density lipoprotein receptor (LDL-R) gene associates with HCV
susceptibility. Liver Int. 2019, 39, 463–469. [CrossRef] [PubMed]

63. Witteveldt, J.; Evans, M.J.; Bitzegeio, J.; Koutsoudakis, G.; Owsianka, A.M.; Angus, A.G.N.; Keck, Z.-Y.; Foung, S.K.H.;
Pietschmann, T.; Rice, C.M.; et al. CD81 is dispensable for hepatitis C virus cell-to-cell transmission in hepatoma cells. J.
Gen. Virol. 2009, 90, 48–58. [CrossRef]

64. Bitzegeio, J.; Bankwitz, D.; Hueging, K.; Haid, S.; Brohm, C.; Zeisel, M.B.; Herrmann, E.; Iken, M.; Ott, M.; Baumert, T.F.; et al.
Adaptation of hepatitis C virus to mouse CD81 permits infection of mouse cells in the absence of human entry factors. PLoS
Pathog. 2010, 6, e1000978. [CrossRef]

65. Janicko, M.; Drazilova, S.; Pella, D.; Fedacko, J.; Jarcuska, P. Pleiotropic effects of statins in the diseases of the liver. World J.
Gastroenterol. 2016, 22, 6201–6213. [CrossRef]

66. Liao, J.K.; Laufs, U. Pleiotropic effects of statins. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 89–118. [CrossRef]
67. Björkhem-Bergman, L.; Lindh, J.D.; Bergman, P. What is a relevant statin concentration in cell experiments claiming pleiotropic

effects? Br. J. Clin. Pharmacol. 2011, 72, 164–165. [CrossRef] [PubMed]
68. Adorni, M.P.; Cipollari, E.; Favari, E.; Zanotti, I.; Zimetti, F.; Corsini, A.; Ricci, C.; Bernini, F.; Ferri, N. Inhibitory effect of PCSK9

on Abca1 protein expression and cholesterol efflux in macrophages. Atherosclerosis 2017, 256, 1–6. [CrossRef]
69. Martin, G.; Schoonjans, K.; Lefebvre, A.M.; Staels, B.; Auwerx, J. Coordinate regulation of the expression of the fatty acid transport

protein and acyl-CoA synthetase genes by PPARalpha and PPARgamma activators. J. Biol. Chem. 1997, 272, 28210–28217.
[CrossRef]

70. Lamb, R.G.; Koch, J.C.; Bush, S.R. An enzymatic explanation of the differential effects of oleate and gemfibrozil on cultured
hepatocyte triacylglycerol and phosphatidylcholine biosynthesis and secretion. Biochim. Biophys. Acta BBA Lipids Lipid Metab.
1993, 1165, 299–305. [CrossRef]

71. Maillard, P.; Walic, M.; Meuleman, P.; Roohvand, F.; Huby, T.; Le Goff, W.; Leroux-Roels, G.; Pécheur, E.-I.; Budkowska, A.
Lipoprotein lipase inhibits hepatitis C virus (HCV) infection by blocking virus cell entry. PLoS ONE 2011, 6, e26637. [CrossRef]
[PubMed]

72. Pose, E.; Trebicka, J.; Mookerjee, R.P.; Angeli, P.; Ginès, P. Statins: Old drugs as new therapy for liver diseases? J. Hepatol. 2019, 70,
194–202. [CrossRef] [PubMed]

http://doi.org/10.3390/v11030275
http://doi.org/10.1371/journal.ppat.1007111
http://doi.org/10.1016/j.jhep.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27085252
http://doi.org/10.1126/science.282.5390.938
http://doi.org/10.1016/j.zefq.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28511896
http://doi.org/10.1016/j.jhep.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28363797
http://doi.org/10.1111/liv.13978
http://www.ncbi.nlm.nih.gov/pubmed/30260075
http://doi.org/10.1099/vir.0.006700-0
http://doi.org/10.1371/journal.ppat.1000978
http://doi.org/10.3748/wjg.v22.i27.6201
http://doi.org/10.1146/annurev.pharmtox.45.120403.095748
http://doi.org/10.1111/j.1365-2125.2011.03907.x
http://www.ncbi.nlm.nih.gov/pubmed/21223360
http://doi.org/10.1016/j.atherosclerosis.2016.11.019
http://doi.org/10.1074/jbc.272.45.28210
http://doi.org/10.1016/0005-2760(93)90140-5
http://doi.org/10.1371/journal.pone.0026637
http://www.ncbi.nlm.nih.gov/pubmed/22039521
http://doi.org/10.1016/j.jhep.2018.07.019
http://www.ncbi.nlm.nih.gov/pubmed/30075229

	Introduction 
	Materials and Methods 
	Cell Lines 
	DNA Plasmids 
	Generation of Lipoprotein Receptor-Deficient Cell Lines 
	HCV Virus Production and Infection 
	HCV Kinetics in Primary Human Hepatocytes 
	RNA Extraction and RT-qPCR Quantification of Viral RNA 
	TCID50 Assay 
	Pseudoparticle Production and Transduction 
	HCV Replication Assay 
	Cell Viability Measurements 
	Flow Cytometry 
	Western Blot 
	Cholesterol Quantification Assay 
	Lipid-Lowering Drugs 
	Patients and Methods 
	Statistics 
	Ethics 

	Results 
	Glycoprotein-Driven HCV Entry Is Not Affected by Lipid-Lowering Drugs 
	Lipid-Lowering Drugs Do Not Impact HCV Infection of Human Immortalized or Primary Hepatocytes 
	Genetic Ablation of Lipoprotein Receptors SR-B1 and LDLr Does Not Affect HCV Entry Factor Expression or Cholesterol Content 
	LDLr and SR-B1 Play a Redundant Role in HCV Infection but Not in Entry 
	Lipid-Lowering Drugs Affect HCV Infection in Lipoprotein Receptor-Deficient Cell Lines 
	Retrospective In-Vivo Analysis of a HCV Patient Cohort Suggests a Slight Beneficial Effect of Statin Usage on Liver Health 

	Discussion 
	References

