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Abstract

AIM
To characterize the role of apolipoprotein B100 (apoB100)
in hepatitis C viral (HCV) infection.

METHODS

In this study, we utilize a gene editing tool, transcription
activator-like effector nucleases (TALENS), to generate
human hepatoma cells with a stable genetic deletion
of APOB to assess of apoB in HCV. Using infectious cell
culture-competent HCV, viral pseudoparticles, replicon
models, and lipidomic analysis we determined the
contribution of apoB to each step of the viral lifecycle.
We further studied the effect of mipomersen, an FDA-
approved antisense inhibitor of apoB100, on HCV using
in vitro cell-culture competent HCV and determined its
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impact on viral infectivity with the TCID50 method.

RESULTS

We found that apoB100 is indispensable for HCV
infection. Using the JFH-1 fully infectious cell-culture
competent virus in Huh 7 hepatoma cells with TALEN-
mediated gene deletion of apoB (4POB KO), we found
a significant reduction in HCV RNA and protein levels
following infection. Pseudoparticle and replicon models
demonstrated that apoB did not play a role in HCV
entry or replication. However, the virus produced by
APOB KO cells had significantly diminished infectivity as
measured by the TCID-50 method compared to wild-
type virus. Lipidomic analysis demonstrated that these
virions have a fundamentally altered lipidome, with
complete depletion of cholesterol esters. We further
demonstrate that inhibition of apoB using mipomersen,
an FDA-approved anti-sense oligonucleotide, results in
a potent anti-HCV effect and significantly reduces the
infectivity of the virus.

CONCLUSION

ApoB is required for the generation of fully infectious
HCV virions, and inhibition of apoB with mipomersen
blocks HCV. Targeting lipid metabolic pathways to
impair viral infectivity represents a novel host targeted
strategy to inhibit HCV.

Key words: Apolipoprotein; Lipid; Hepatitis C virus;
Gene silencing; Viral replication

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Hepatitis C virus (HCV) circulates as a
very-low-density lipoprotein (VLDL)-like lipoviral
particle. Apolipoprotein B100 (apoB100) is the core
protein of VLDL, buts its role in HCV has remained
incompletely characterized. Use of gene-editing with
transcription activator-like effector nucleases permits
the characterization of the role of apoB100 in HCV.
We demonstrate that apoB100 is required for HCV
infection. Loss of apoB100 results in the secretion
of HCV virions with an altered lipid composition and
limited ability to infect naive cells. Mipomersen, an
FDA-approved antisense inhibitor of apoB100, has an
anti-HCV effect and limits the viral infectivity.

Schaefer EAK, Meixiong J, Mark C, Deik A, Motola DL, Fusco D,
Yang A, Brisac C, Salloum S, Lin W, Clish CB, Peng LF, Chung
RT. Apolipoprotein B100 is required for hepatitis C infectivity
and Mipomersen inhibits hepatitis C. World J Gastroenterol
2016; 22(45): 9954-9965 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v22/i45/9954.htm DOI: http://dx.doi.
org/10.3748/wjg.v22.i145.9954

INTRODUCTION

Hepatitis C virus (HCV) infection is a major global
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health problem, affecting 185 million individuals
worldwide and 3 million in the United States'™*.
While highly effective direct-acting antivirals (DAAs)
for HCV have expanded therapeutic armamentarium
against HCV, these drugs may be limited by genotype
specificity, limited success in some subpopulations, and
the potential for development of multiclass resistance
in treatment failures. One successful strategy to
address treatment failures is the targeting host factors
required for HCV infection, which possess a high
barrier to the development of virologic resistance™.

The development of direct-acting and host-targeted
antiviral medications emerged on the heels of a vastly
enhanced understanding of the HCV viral lifecycle,
enabled by the development of robust in vitro models
of HCV. Even prior to characterization beyond non-A
non-B hepatitis, the virus was observed to physically
associate with the low density fraction of human sera
suggesting an association with human lipoproteins.
Indeed, viral RNA could be precipitated with antibodies
against apolipoprotein B100 and apolipoprotein E*®,
More recent data has demonstrated that the virus
circulates as a highly lipidated lipoviral particle (LVP),
which contains both apoE and apoB, and the lipid
composition of this LVP very closely resembles human
very-low-density lipoprotein (VLDL)""®.

Despite these observations, the exact role of apoB
in HCV infection remains incompletely characterized.
Data have been conflicting, with some pharmacologic
studies suggesting an important role for apoB, but
RNAi experiments suggesting that apoB does not play
a function at all in HCV infection®*!!, An important
limitation of these in vitro studies has been their use
of hepatoma cells lines which are highly permissive to
HCV, but which do not fully recapitulate the production
of human VLDL.

Novel and specific gene editing tools have been
developed to better understand gene function in
cellular and animal models. One such tool is the
use of transcription activator-like effector nucleases
(TALENS), derived from plant nucleases, which can be
specifically designed to bind target genomic sequences
and result in loss of gene expression. This strategy
generates stable cellular genetic deletions without
requiring antibiotics or transfection, and has minimal
off-target effects. We used this technique to generate
a hepatoma cell line lacking APOB expression and
found HCV infection to be inhibited in the absence of
apoB!"?. Following these findings, an additional study
utilized zinc-finger nucleases and clarified that apoB
and apolipoprotein E (apoE) both likely play a role
in infectious HCV particle formation and that there
is HCV core accumulation on lipid droplets without
apoB and E expression. Further, additional data has
additionally suggested that apoB is important for cell-
free transmission of the virus™**,

In this study, we characterize the specific contri-
bution of human apolipoprotein B 100 to the HCV
lifecycle and determine the effect of an FDA-approved
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inhibitor of apoB on the virus. The cells used for
this study were Huh7 human hepatoma cells which
over-express the HCV entry co-receptor CDS81.
Huh7 cells do model human VLDL secretion™!, and
overexpression of CD81 renders them more permissive
to HCV. Using these novel APOB knockout cells, we
confirm that the loss of APOB inhibits HCV infection'*
and that apoB expression is indispensable for HCV.
Specifically, its absence results in virus that has a
fundamentally altered lipidome and is significantly
impaired in its ability to infect other cells. Further,
and importantly, we demonstrate a novel use and
potent and dose-dependent anti-HCV effect of an FDA-
approved compound which inhibits apoB expression,
mipomersen.

MATERIALS AND METHODS

Cell culture

TALEN-induced APOB KO Huh 7/CD81 cells were
generated and maintained as previously described!*?.
All experiments were conducted in triplicate.

HCV infection

JFH1, a genotype 2a HCV isolate, and the Jc1e2FLAG
JFH1 chimera were used for HCV infection. Naive
cells were incubated with the virus for 4-6 h, after
which the viral supernatant was removed. Virus of
identical multiplicity of infection (MOI) was used for
all experiments. Cell lysates were isolated for protein
and/or RNA at the time points indicated. Lysate RNA
was collected using RNEasy isolation kits (QIAGEN,
Valencia, CA). Viral RNA was isolated from the
supernatant using a viral nucleic acid isolation kit
(Roche, Indianapolis, IN). LDL rescue was performed
using commercially available LDL extracted from
human plasma (Sigma, St. Louis, MO). In rescue
experiments, LDL was delivered at a concentration of
2.5 pg/mL following infection with JFH1.

Immunofluorescence

Cells were cultured on coverslips and fixed with 4%
PFA at indicated time points. Primary antibodies (LDL-R,
Ab-Cam, Cambridge, MA, and HCV core hybridoma)
were diluted in 10% Donkey Serum, and were stained
with IgG Alexa Fluor 488 secondary antibodies (Life
Technologies, Carlsbad, CA).

Pseudoparticle experiments

HCV E1 E2 and control VZV pesudoparticles were a
kind gift of Dr. Francois-Loic Cosset (Lyon, France).
Naive cells were plated in 96-well plate and exposed to
HCVpp or VZV for 72 h. The infectivity was determined
using immunofluorescence microscopy.

Replicon experiments
Genotype 2a (JFH-1) full genomic and subgenomic
replicons were provided courtesy of Professor
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Takaji Wakita (Tokyo, Japan). The constructs were
electroporated into naive cells using the BioRad Gene
PulseXcell electroporation system and then selected
using G418 supplemented media for approximately
three weeks. The G418-resistant colonies were then
pooled and cultured on 10cm dishes. HCV levels were
determined using RNA and protein isolation from cell
lysates.

Infectivity

Virus generated in WT or KO cells was used to
infect highly permissive Huh 7.5.1 cells. Dilutions
were performed to normalize for HCV RNA titer in
the supernatant. The tissue culture infectious dose
(TCID50) per mL was performed using methods
previously described!®.

Lipid extraction

JCc1E2FLAG HCV particles were isolated and the lipid
fraction of the purified Jc1E2FLAG HCV particles was
extracted and purified using the methods previously
described™, The organic phase was collected for use in
LC-MS analysis. Analyses of polar and non-polar lipids
were conducted using an LC-MS system comprised of
an Open Accela 1250 U-HPLC and a Q Exactive hybrid
quadruple orbitrap mass spectrometer (Thermo Fisher
Scientific; Waltham, MA).

Mipomersen experiments

Huh 7/CD81 cells were treated with escalating doses
of mipomersen as indicated, or mock, at the time
of plating as well as 24 and 48 h following infection.
Cell lysate and viral supernatant were harvested for
analysis at 72 h following infection. Cell viability was
monitored using Cell Titer Glo (Promega, Madison,
WI).

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 5 software (GraphPad software, Inc, La Jolla,
CA) and by a researcher trained in biostatistics. RT-
QPCR data is represented as the mean with 95%
confidence intervals. Two tailed student’s t-test was
used. A P value of < 0.05 was considered statistically
significant.

RESULTS

APOB KO cells inefficiently support HCV infection
APOB KO cells were generated as previously described
using TALEN-mediated gene knockout. The parent
cells were Huh7 hepatoma cells over-expressing the
HCV entry co-factor CD81 (Huh7/CD81). The APOB™
knockout (APOB KO) cells have a < 3% expression
of APOB at the mRNA level and have no detectable
apoB100 protein™?,

As we have previously reported, APOB deletion
impaired the ability of the hepatoma cells to support
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HCV infection. Three days following infection with the
fully infectious tissue culture-competent hepatitis C
virus (HCVcc) strain JFH-1, we observed a 72% (95%
CI: 67%-77%, P = 0.01) reduction in HCV RNA and no
detectable core protein (Figure 1A). We then confirmed
this finding in three additional knockout clones
to ensure this finding was not a clone-dependent
phenotype and found that HCV was inhibited in all
studied clones (Figure 1B).

We next sought to determine whether restoring
intracellular apoB100 to the APOB KO cells would,
in turn, allow them to again support HCV infection.
The large size of the full apoB100 protein (550 kda)
made plasmid-based transfection challenging; we
therefore restored intracellular apoB expression via
administration of LDL into the cell media, allowing
for LDL-R mediated uptake of apoB. While it is held
that apoB is degraded following LDL-R mediated
endocytosis''”, the fate of apoB in deficient cells is
not known. We confirmed that reintroducing apoB
protein into the APOB KO cells resulted in sustained
intracellular levels of apoB via western blot and
immunofluorescence (Figure 1C and D). Further,
reintroduction of apoB led to a significant increase
in the intracellular levels of HCV RNA and HCV core
protein 72 h following the addition of LDL. These
findings were confirmed with immunofluorescence
staining, which demonstrated cytoplasmic expression
of apoB100 protein following LDL exposure, and
enhanced HCV core protein expression in the LDL-
treated knockout cells (Figure 1C-E).

Taken together, these findings suggested that loss
of APOB expression rendered the Huh7 hepatoma cells
non-permissive to the full HCV lifecycle, a state that
was reversed upon reintroduction of apoB into the
cytoplasm.

Further, we confirmed that these changes were not
due to impaired entry using HCV pseudoparticles, a
model of HCV entry. We found that entry of HCV into
the APOB KO cells was not impaired (Figure 2A), and
that the cells were not deficient in known HCV entry
factors (Figure 2B). We next sought to understand
whether replication was affected in APOB KO cells.

HCV Replication is not impaired in APOB deficient
hepatoma cells

HCV viral replication takes place on a highly specialized
membranous web formed through the combined
effects of both host and viral proteins, and which is
closely apposed to cytoplasmic lipid droplets. While
apolipoproteins have not been previously suggested
to be directly involved in viral RNA replication, the
lipid droplet is known to play an important role as
a bridge between replication and early assembly.
Approximately 20% of the total cellular HCV RNA
is localized on the lipid droplet, where it has been
demonstrated to co-localize with the HCV core protein
and the non-structural protein NS5A™!, ApoB100 has
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been described, in the absence of HCV infection, to
localize to lipid droplets in a so-called “apoB crescent”
while awaiting either lipidation or degradation™, We
therefore hypothesized that apoB100 might play a
role in replication, potentially bridging replication and
assembly, possibly through interactions with core,
NS5A and the lipid droplet.

To determine whether apoB is required for HCV
replication, we utilized both subgenomic and full
genomic replicons derived from the genotype 2a JFH1
virus. The replicons are introduced into the cell by
electroporation and model the intracellular steps of
HCV propagation, but no live virus is secreted®®, The
subgenomic replicon lacks the structural HCV proteins
(E1, E2 and core), whereas the full genomic replicon
produces all the HCV proteins. Both replicons were
introduced into the APOB WT and APOB KO hepatoma
cells as previously described®, and the intracellular
HCV levels were determined after antibiotic-mediated
selection for replicon-containing cells. We found no
difference in HCV RNA between the APOB WT and
KO cells using either cellular model, and detected no
difference in the expression of core protein in the full
genomic replicon model (Figure 3A and B).

To further verify these findings, we repeated
these experiments in two additional replicon-based
cell lines: the OR6 cell, which stably harbors a full
length, genotype 1b HCV genome™, and pRep-Feo
cells which contains a subgenomic, genotype 1b HCV
replicon™. Using RNAi-mediated gene silencing, we
knocked down apoB100 expression, and detected no
difference in HCV RNA in either cellular model (Figure
3C). These data provide firm evidence that apoB100
does not play an important role in the replication step
of the HCV lifecycle.

There is decreased production of HCV virion in APOB
KO human hepatoma cells
There are several lines of evidence demonstrating
an association between the HCV virion and VLDL
production. First, there is prior evidence for a protein-
protein interaction between the HCV core protein and
the microsomal triglyceride transfer protein (MTTP),
a protein critical for the lipidation of apoB100, in the
early stages of HCV assembly®*. Further, HCV follows
the pathway of VLDL secretion™. However, whether
apoB100 is important for the production of fully
infectious HCV virions has remained controversial®®?%,
Some data have demonstrated that pharmacologic
inhibition of MTTP blocks HCV assembly™®, but
inhibition of apoB100 itself has produced disparate
effects on HCV LVP production®®*®, The parent cell line
for the KO cells is competent for VLDL production, and
the knockouts do not display decreased intracellular
levels of either MTTP or apolipoprotein E (data not
shown). We determined that the APOB KO cells have
diminished HCV secretion.

We first examined the quantity of viral RNA released
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Figure 1 APOB genetic knockout Huh 7 hepatoma cells inefficiently support hepatitis C virus. A: Using TALEN genetic deletion of APOB, knockout huh7/CD81
(high) cells were generated (APOB", KO). We demonstrated that these cells inefficiently support hepatitis C virus (HCV) infection with the fully infectious tissue culture
HCV virus, HCVcc (JFH1). There was markedly decreased JFH1 72 h following infection both at the level of HCV core protein and RNA. Data is shown as mean with
95% confidence interval, normalized to WT, B: To confirm this was not a clone-specific effect, three additional clones were infected with the JFH1 virus and intracellular
HCV RNA assessed 72 h following infection. We again found a decrease in HCV RNA in the APOB KO clones (°P < 0.05); C, D: Rescue experiments were performed
by treating cells with human LDL at the same time as infection with the JFH1 virus. We found partial restoration of intracellular apoB expression at 72 h following
exposure (D), and there was a partial restoration of HCV infection, with increased expression of HCV core protein (C), HCV RNA (E), and IF demonstrating increased
HCV core expression in the LDL-treated cells (D). Scale bar: 20 um.
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Figure 2 Hepatitis C virus entry is not impaired in APOB KO cells. A: Using an hepatitis C virus (HCV) genotype 1b pseudoparticle (HCVpp), cells were exposed
to the pseudoparticle and incubated for 72 h at which time the degree of HCV entry was assessed using GFP expression; a control VZV pseudoparticle (VZVpp) was
also assessed. We that entry of neither HCV nor VZV was impaired in the APOB KO cells; B: We confirmed that the expression levels of known HCV entry factors
CD81, SRB1, CLDN1, OCLN1 were preserved in the KO cells (normalized to WT cell expression level, 1).

into the supernatant 72 h following the infection of the
APOB WT and KO with JFH-1. There was a substantial
and significant reduction in the quantity of HCV RNA
released from the KO cells (Figure 4A).

We then sought to determine whether the virus
that was successfully produced by the APOB KO cells
differed from wild type virus with respect to its ability
to infect naive cell (infectivity). To do this, we exposed
uninfected, highly permissive, Huh 7.5.1 cells to virus
generated by either APOB WT (WT virus) or APOB KO
(KO virus) cells. We normalized the quantity of virus
used for inoculation by the viral RNA titer (to account
for the decreased levels of HCV RNA detected from the
KO cells), and assessed infectivity using the previously
described TCID50 method"®. We demonstrated that
the KO virus was significantly less infectious in the
highly permissive Huh7.5.1 cells than the WT Virus
(Figure 4A).

Lipids play an important role in flavivirus production
and entry, and have been implicated in replication
of the dengue virus®’??. Dengue has a lipid-rich
envelope, and interruption of cholesterol biosynthesis
impairs its replication and infectivity™. To determine
whether the diminished infectivity observed in the KO
HCV virus was related to a defect in lipid metabolism
that is extendable to other flaviviridae, we examined
viral production and infectivity of the Dengue virus
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using the apoB cells.

After infecting WT and KO cells with dengue virus
and assessing the levels of viral RNA 72 h following
inoculation, we found no difference in the ability of the
APOB KO cells to support dengue infection (Figure 4B).
We analyzed the viral supernatant and additionally
demonstrated that there was no decrease in DNV RNA
produced by the KO cells. Further, after normalizing
for RNA titers, there was no decrease in dengue viral
infectivity (Figure 4C). We thus concluded that the
perturbations observed following deletion of APOB are
not generalizable to dengue virus, and may be specific
to HCV.

HCV virions produced by APOB KO human hepatoma
cells have a fundamentally altered lipidome

The density of viral particles has been described to
be an important predictor of viral infectivity, and the
lipid composition is the major determinant of buoyant
density. The lipid composition of the HCVcc produced
by Huh 7.5.1 cells has recently been characterized”;
however, the buoyant density of Huh 7.5 cells and
tissue culture-generated virus is lower than that
observed in human serum®-*! and Huh 7.5 and Huh
7.5.1 cells have not been demonstrated to recapitulate
the human VLDL machinery, unlike Huh7 cells!®.
Virus generated by VLDL-competent Huh7/CD81
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Figure 3 Loss of apoB does not impair replication in APOB KO cells. A: A full genomic replicon derived from the JFH1 hepatitis C virus (HCV)cc strain was
electroporated into WT and KO cells which were then selected in culture based on antibiotic resistance. We demonstrated that there was no decrease in intracellular
HCV core or RNA in the KO compared to WT cells; B: A subgenomic replicon, which lacks expression of the E1, E2 and core proteins, was also electroporated into
the cells and again there was no difference in HCV RNA. Data is shown as mean with 95%Cl, normalized to WT; C: To confirm these findings, we used replicon cells
with a full genome of a different viral genotype (OR6, 1b and pREP-Feo, 1b) and subsequently knocked down apoB expression using RNAI. There was no difference
in HCV replication in the setting of apoB knockdown. Data is shown as mean + SD.

cells is more likely to reflect the human LVP, and we
hypothesized that the observed impaired infectivity
reflected an altered lipid composition of the KO virus.

Prior to characterizing the lipidome, we sought
to confirm the presence of apoE in the virus, since
apoE has also been well-described to be important
for generation of viral particles and viral infectivity™®' .
Using an ELISA-based assay, we determined that the
KO virus, as expected, had barely detectable apoB100
secreted into the media. We also determined, however,
that there was a modest, but significant, reduction
in the amount of apoE (Figure 5A). This reduction
however was far less than the observed decrease in
infectivity, suggesting that apoE reduction is not the
primary cause of the loss of infectivity.

To characterize the lipidome of HCVcc produced
in WT and KO cells, we utilized a JFH-1 derived,
JC-1 virus with a FLAG-tag on the N-terminus of
the E2 protein (JC1E2FLAG). After harvesting JC-1
virus generated in the APOB WT and APOB KO cells,
we performed affinity purification of HCV virion.
The purified virus was then analyzed using liquid
chromatography/mass spectrometry (LCMS) to

Baishidenge ~ WJG | www.wjgnet.com

9960

determine the lipid composition of the virions.

KO virus had a profoundly altered lipidome
compared to WT virus. Specifically, triacylglycerols
and diacylglycerols comprised approximately 15%
of the lipid composition in the WT virus, compared
to close to 30% in the KO virus. Most strikingly, the
primary lipids (accounting for approximately 40% of all
lipids) of WT virus were cholesterol esters, which was
consistent with prior data; however, the KO virus was
completely lacking in cholesterol esters (Figure 5B).
This perturbation alone may account for a substantial
amount of the impaired infectivity of the KO virus:
indeed, two of the known HCV entry receptors, SRB1
and the Niemann-Pick-C1-Like-Receptorl (NPC1L1)
are described to recognize cholesterol esters™">®,

We therefore concluded that apoB plays a critical
role in HCV infection, primarily due to its deleterious
effect on generation of infectious virus. Without
apoB, production and secretion of new virion is
impaired, and those virions which are secreted have
a markedly diminished infectivity, which is likely
related to the depletion of cholesterol esters from the
lipidome.
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Dengue replication: WT and KO cells were infected with Dengue virus, and the level of intracellular RNA was assessed at 72 h. No difference was observed between
WT and KO cells. Data is shown as mean with 95% confidence interval, normalized to WT; C: Supernatant of dengue-infected cells was harvested at 72 h and dengue
viral RNA quantified. RNA levels were slightly higher in the supernatant of the KO cells, but the difference was not significant. A similar trend was observed with the
infectivity of the KO generated dengue virus, assessed at DNV RNA at 2 h following infection.
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Figure 5 Hepatitis C virus produced by APOB KO cells has a fundamentally altered lipidome. A: The concentrations of apoB and apoE were determined of
the viral supernatant using ELISA. ApoB levels were barely detected in the viral supernatant of the KO cells. ApoE concentrations were also found to be lower in KO
compared to the WT cells; B: Hepatitis C virus (HCV)cc generated in APOB KO cells has an altered lipidome. Using a Jc1E2FLAG HCV tissue culture fully infectious
virus, viral particles were purified using affinity purification particles were extracted and the lipidome was purified using liquid chromatography - mass spectrometry
(LC-MS). LC-MS demonstrated that the viral particles generated in the APOB knockout cells are completely depleted in cholesterol esters. CE: Cholesterol and
cholesterol esters; TAG: Triacylglycerols; DAG: Diacylglycerols; SM: Sphingomyelins; PC: Phosphatidylcholines; LPE: Lysophosphatidylethanolamines; LPC:
Lysophosphatidylcholines.
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Figure 6 Mipomersen exerts a dose-dependent and potent anti-hepatitis C virus effect. A: Huh7/CD81 high cells were treated with escalating doses of
mipomersen from 200 ug/mL to 1000 ug/mL and then infected with JFH1. At 72 h following infection, there was a dose-dependent inhibition of hepatitis C virus (HCV),
demonstrated at both the RNA and protein (HCV core) level. Data are shown as means with 95%Cl (°P < 0.05); B: OR6 genotype 1b replicon cells were treated
with mipomersen for 72 h and no effect was observed on HCV replication; C: There was no negative impact of escalating doses of mipomersen on cell viability; D:
Infectivity of the virus was assessed using the TCID50 method. Virus generated in cells treated with mipomersen had a significant reduction in infectivity compared

with virus generated in mock-treated cells. Data shown as mean TCID50/mL + SEM.

An FDA-approved anti-sense oligonucleotide against
apoB inhibits HCV virion infectivity

Based on these findings, we hypothesized that a drug
targeting apoB expression or synthesis would have
potent anti-HCV effect. Mipomersen is an antisense
oligonucleotide against apoB, and inhibits apoB
synthesis at the level of transcription from mRNA.
It has been demonstrated to significantly reduce
production of apoB-containing lipoproteins, most
notably circulating LDL, in phase III clinical trials™,
and is currently approved by the FDA for the treatment
of homozygous familial hypercholesterolemia. For
its treatment of hypercholesterolemia, it is delivered
as a once-weekly subcutaneous injection and has
been demonstrated to have no significant drug-drug
interactions.

We treated Huh7/CD81 WT cells with mipomersen
at escalating doses and infected the cells with HCVcc
(JFH1). At 72 h following infection, there was an
80%-85% reduction in intracellular HCV RNA with the
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higher mipomersen doses (800 and 1000 ug/mL), and
we observed a dose-response effect. We confirmed
these findings at the level of HCV core protein
expression (Figure 6A). To confirm that the inhibition of
HCV did not occur at the level of HCV RNA replication,
assessed the effect of mipomersen on the OR6 replicon
model, and confirmed that mipomersen had no effect
on viral replication (Figure 6B). We observed no
significant effect on cell viability with escalating doses
of mipomersen (Figure 6C).

The mechanism by which mipomersen exerts
its antiviral effect was confirmed using infectivity
assays. HCVcc was generated in either mock-treated
or mipomersen-treated (800 ug/mL) Huh 7 cells and
TCID50 of the virus assayed. We determined that
the mipomersen-treated virus was significantly less
infectious, with a greater than 2-log reduction in
TCID50/mL (12536 vs 442 TCID50/mL, P < 0.05).
Mipomersen exerts its potent anti-HCV effect by
impairing the infectivity of the virus (Figure 6D).
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DISCUSSION

This is the first study to comprehensively characterize
the role of apolipoprotein B100, the core protein of
human VLDL and LDL, in each step of the HCV lifecycle
and to demonstrate that inhibition of apoB100 by
an FDA-approved therapeutic has potent antiviral
effect. Similarities between circulating HCV and
VLDL have long been observed, yet whether human
apolipoprotein B100 is central to the viral lifecycle
has remained uncertain, in part due to the limitations
imposed by the techniques and cellular models used to
date. This study leverages recent advances in genome
editing (TALEN), allowing for specific and complete
gene knockout, combined with a cell line (Huh-7/
CD81) which recapitulates human VLDL synthesis, but
also supports HCV to fully assess the role of apoB in
HCV.

We have established that apoB is not required
for entry or replication, but rather that loss of apoB
renders the Huh7 hepatoma cells deficient in their
ability to support HCV by generating a virus that has
a fundamentally altered lipidome and is significantly
impaired in its ability to infect naive cells. We
determined by mass spectrometry that, in addition
to being deficient in apoB, the generated lipoviral
particles are significantly depleted in cholesterol esters.
It has previously been described that cholesterols are
required to maintain the association between HCV
and host lipoproteins'*®, and are required for viral
infectivity.

Depletion of the virion of cholesterol esters
may additionally lead to impaired viral entry. SR-
BI, a receptor which recognizes lipoproteins, is a
well characterized co-entry receptor for HCV*'™*,
and it has been previously characterized that both
lipoproteins and cholesterol esters are important for
the uptake of HDL by SR-BI"*Y., Similar findings have
been demonstrated in SR-BI-mediated HCV entry™.
Thus, the KO virus lacking in cholesterol esters, may
in part have diminished infectivity due to loss of SR-BI-
mediated uptake.

Finally, we demonstrated the in vitro efficacy of
mipomersen, an FDA-approved drug for the treatment
of familial hypercholesterolemia, which inhibits apoB
synthesis using antisense technology. ApoB is therefore
a practical and viable pharmacologic target in anti-HCV
therapy, with an inhibitor already in clinical use. We
showed that treatment with mipomersen significantly
inhibited infection with HCV in a dose-dependent
fashion. Further, similar to what we observed in the
KO cells, we demonstrated that mipomersen exerts
its anti-HCV by generating virus which is significantly
less infectious than untreated virus. This highlights the
possibility of a class of host-targeted antivirals which
would serve as infectivity inhibitors, generating virus
that is crippled in its ability to infect naive cells. The
major limitation of this study is that it is limited to in

Baishidenge ~ WJG | www.wjgnet.com

vitro experimentation in cell lines. This study did not
include in vivo experiments, and additional studies
to determine the effect of mipomersen in vivo are
needed.

While the drugs to treat HCV have become highly
effective as direct acting antivirals are emerging into
clinical practice, the most difficult-to-treat patients,
particularly those who have been treated with multiple
DAA classes, may still require alternate regimens and
strategies. In this regard, the “real world” experience
with these novel regimens is not yet proven, and
development of resistance may be a concern when the
drug regimens are adopted for broader use.

Targeting host factors required for the virus is
regarded as a promising avenue for the development
of adjunctive therapies, since this strategy has been
shown to impose a higher barrier to the development
of viral resistance. ApoB targeting with an FDA-
approved inhibitor would present an attractive
target. Here we demonstrate the in vitro efficacy of
mipomersen against HCV, and suggests an additional,
readily targeted host factor required for HCV. Further,
we demonstrate that blocking apoB alters viral
infectivity by perturbing the lipidome required to
generate fully infectious virus. The use of a drug to
block this pathway highlights a novel approach towards
the treatment of HCV. While we did not see effect
against dengue virus, drugs which inhibit the infectivity
of a virus by altering the cholesterol composition may
pose a novel new strategy to combat refractory HCV
and other emerging viral diseases.
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COMMENTS

Background

The hepatitis C virus (HCV) circulates in humans as a lipoviral particle (LVP)
which has a very similar composition to very-low-density lipoprotein (VLDL).
Despite this known relationship, the role of apolipoprotein B 100 (the core
protein of VLDL) in the HCV lifecycle has remained uncertain.

Research frontiers
This study utilized genome editing technology (TALEN) to characterize the role
of apoB100 in the HCV lifecycle.

Innovations and breakthroughs

The use of genome editing allowed for careful examination of several critical
steps in HCV infection without the use of lipid-based or viral transfection for
gene knockdown. This permitted lipidomic analysis of HCV lipoviral particles,
demonstrating that apoB is critical to maintain the “VLDL"-like composition and
infectivity of the lipoviral particle. Further, this study demonstrated that an FDA-
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approved antisense inhibitor of apoB blocks HCV infection in vitro.

Applications

The findings highlight the critical role of lipids and lipoproteins in HCV infection,
and specifically in the infectivity of the lipoviral particle. Targeting host lipid
metabolic pathways may be useful in resistant or difficult-to-treat HCV infection
in humans.

Terminology

TALEN refers to transcription activator-like effector nucleases, which can
be designed to target host genomic sequences and generate stable genetic
deletions without transfection, antibiotics. These have been shown to generate
stable knock-out models with minimal off-target effect.

Peer-review

The paper presents work linking hepatic apoB100 secretion with hepatitis
C virion assembly and secretion, studied in vitro with Huh7/CD81 cells in
which apoB expression was deleted. The work makes the point that apoB co-
expression is required for infectious HCV particle formation. Further work will
be required to be sure that this applies to processing of HCV in vivo.
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