1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Gastroenterology. Author manuscript; available in PMC 2020 February 06.

-, HHS Public Access
«

Published in final edited form as:
Gastroenterology. 2014 May ; 146(5): 1164-1167. doi:10.1053/j.gastro0.2014.03.017.

Hepatitis C Virus Replication Compartment Formation:
Mechanism and Drug Target
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Hepatitis C virus (HCV), like all positive-stranded RNA viruses, remodels intracellular
membranes to establish protected sites of viral RNA replication (reviewed in den Boon et
al1). These replication compartments, also called membranous webs, are thought to provide
a platform for components required for virus replication and to shield the viral RNA from
cytosolic nucleases and innate immune sensors. The mechanism for the formation of these
structures is poorly characterized. Although initial evidence pointed to a role for HCV
nonstructural protein (NS)4B in replication compartment formation,? recent data suggest
that NS5A plays a primary role. Expressing NS5A alone results in the formation of double
membrane vesicles that are likely sites of viral replication.3 The integrity of the replication
compartment is influenced by the interaction of NS5A with the cellular
phosphatidylinositol-4-kinase-a.(PI14KA).4-8 In this issue of Gastroenterology, 2 papers
focus on NS5A-mediated replication complex formation. Wang et al” investigate a role for
the P14KA effector oxysterol binding protein (OSBP) in the transport of cholesterol to aid
replication complex formation. In the second paper, Madan et al® present evidence that the
mechanism of action for cyclophilin antagonists, which target NS5A and are under
evaluation in clinical trials, is the inhibition of replication compartment formation.

The current treatment regimen for HCV includes ribavirin, pegylated interferon (IFN), and a
viral protease inhibitor like telaprevir or boceprevir. At least 30 additional direct-acting
antivirals (DAASs) are also under several stages of clinical trials in the hope of eliminating
IFN from the treatment. Most of these DAAS either target the protease, polymerase, or
NS5A.9 The recent approval of sofosbuvir, a nucleotide inhibitor of the polymerase, plus
ribavirin as an IFN-free treatment regime is the first step toward this approach. In addition,
several host proteins are also being investigated as potential drug targets due to their higher
genetic barrier to resistance. Alisporivir, a cyclophilin A (CypA) inhibitor, has high efficacy,
pangenotypic activity, and low viral breakthrough rates. CypA inhibitors are non-
immunosuppressive derivatives of cyclosporine. Although cases of pancreatitis have halted
alisporivir trials in combination with IFN and ribavirin, no such toxicity was observed in
IFN-free regimens. Thus, alisporivir is still being evaluated in IFN-free HCV treatment
regimens.10 CypA is an ubiquitous protein with peptidyl prolyl isomerase activity and this
activity is thought to be important for proper folding of certain proteins. Drug resistance
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mutations against CypA inhibitors occur in NS5A, suggestive of an interaction between
NS5A and CypA. NS5A-CypA interaction has been observed in vitro and the cis-trans

isomerization of NS5A by CypA is thought to induce conformational change that might
facilitate NS5A interaction with NS5B and RNA 1115

NS2 was suggested to be an additional drug target for cyclophilin inhibitors. HCV genomes
with NS2 were more sensitive to CypA inhibitors than subgenomic replicons that harbor
only NS3-5B, suggesting a possible role for NS2 in replication via cyclophilin interaction.
12,16 However, Madan et al8 suggest that viral replication fitness, as opposed to NS2,
influences sensitivity to CypA inhibitors. Proteolytic processing at NS2/3 junction is a rate-
limiting step determining HCV replication fitness, thus leading to an indirect contribution of
NS2/3 to CypA inhibitor susceptibility. Interestingly, HCV replication fitness affects some
inhibitor classes, but not others. The nucleoside analog 2”-C-methyl-cytidine and the NS5A
DAA BMS-553 were also dependent on replication fitness, but not the protease inhibitor
telaprevir or the PI4KA inhibitor AL-9. The reasons for this differential influence of HCV
replication fitness are unclear.

The authors then show that CypA inhibitors block the establishment of new replication
compartments, but have little effect on previously established replication compartments.
Indeed, when they isolated crude replication compartments and added the CypA inhibitor in
vitro, viral RNA synthesis was unaffected. The authors next studied the effect of CypA
inhibitors on double membrane vesicle formation using electron microscopy. Using an HCV
protein expression system that forms membranous webs independent of replication, the
authors show that CypA inhibitors dramatically reduce the number of double membrane
vesicles formed in the context of wild-type NS5A, but not in the context of a CypA
inhibitor-resistant mutant of NS5A. These data suggest that CypA-dependent modification
of NS5A is required for the biogenesis of HCV replication compartments.

In addition to NS5A-CypA interaction, NS5A-PI4KA interaction also influences HCV
replication compartments. HCV infection stimulates the accumulation of the PI4KA
product, phosphatidylinositol-4-phosphate (P14P).4-6.17.18 |nhibition of PI4KA with small
interfering RNAs or inhibitors, or mutating NS5A to preclude its interaction with PI4KA,
results in altered replication compartment morphology.*1° One possibility is that P14P or a
further modified P1(4,5)P, may be involved in binding cellular and/or viral proteins required
for replication.20-21 Alternatively, NS5A-PI14KA interaction may affect HCV replication in a
P14P-independent fashion, such as regulation of NS5A phosphorylation.1®

Wang et al’ investigated the role of the PI4P-binding protein, OSBP, in HCV replication.
OSBP has been previously shown to be important for HCV virion secretion.22:23 |n their
study,” Wang et al observed an additional role for OSBP in HCV replication: The
recruitment of cholesterol to replication compartments. Nonvesicular transport of lipids
within the cell occurs through lipid transfer proteins. Several of these proteins contain a
pleckstrin homology (PH) domain that interacts with PI4P and FFAT (di-phenylalanine in an
acidic tract) motif that interacts with vesicle-associated membrane protein-associated protein
(VAP) and a lipid transfer domain that interacts with the lipid that needs to be transferred
between membranes.24 Both PI4KA and VAP are required for optimal HCV replication,
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suggesting that nonvesicular lipid transport might occur in these compartments (reviewed in
Bishe et al?1). OSBP is a PH domain-containing lipid transfer protein that transports
cholesterol across membranes. Wang et al’ show that OSBP is important for HCV
replication using short hairpin RNA-mediated knockdown and pharmacologic degradation of
OSBP. Co-localization of OSBP and NS5A is lost when PI14KA is silenced, suggesting that
OSBP may be recruited to replication compartment via PI4P. Inhibition of OSBP caused
clustering and reduction in the diameter of the membranous vesicles, suggesting that OSBP
is also required for the integrity of replication compartments. Using fluorescent cholesterol
analogs, the authors confirm that cholesterol is enriched in NS5A-positive structures and that
this cholesterol trafficking requires both PI4KA and OSBP. Using rescue experiments with
different mutants of OSBP, the authors also show that PH domain is important for co-
localization with NS5A; however, all 3 domains—PH, FFAT, and the lipid transfer domain
—are important for cholesterol transport, as expected. Drugs that effectively perturbed the
OSBP-dependent delivery of cholesterol to sites of replication and HCV replication complex
formation include the PI4KA inhibitor AL9 and the OSBP inhibitor OSW-1.

P14P is also induced during replication of another genus of positive strand RNA viruses, the
enteroviruses, although they use a different isoform of PI4K, PI4K-beta (PI4KB) to generate
P14P.18 Wang et al” demonstrated that OSBP is also required for replication of the prototype
enterovirus, poliovirus, but not for dengue virus replication, which does not induce PI4P. It
was also recently published that OSBP is recruited by PI4KB and that it is required for
unesterified cholesterol transport to poliovirus replication compartments.2> Minor
enviroxime compounds that inhibit HCV and enterovirus replication have been recently
shown to be acting via OSBP inhibition.28 Thus, OSBP could be a potential cellular drug
target that can block both HCV and enterovirus replication. In addition to OSBP-mediated
delivery, there may also be vesicle-mediated delivery of cholesterol to replication
compartments. Indeed, enteroviruses coopt host endocytic machinery to traffic cholesterol to
replication compartments.2” The same endocytic process is also required for efficient HCV
replication, suggesting that it may play a secondary role in cholesterol transport to sites of
HCV replication.?8

It is likely that PI4KA and P14P have other functions in addition to the recruitment of OSBP
in HCV infection. Other cellular and viral proteins that bind P14P or P1(4,5)P, have yet to be
investigated for a role in HCV replication complex formation. Furthermore, the NS5A-
PI4KA interaction modulates the NS5A phosphorylation status, which is critical for viral
replication.1® Indeed, a stronger correlation exists for PI4KA modulated NS5A
hyperphosphorylation, as opposed to PI4P levels, with HCV replication efficiency.1® Thus,
PI4KA may perform PI14P-independent functions in HCV replication. It is likely that a basal
level of PI14P production at replication compartments is required for their fidelity, whereas
P14KA either directly or indirectly also regulates NS5A hyperphosphorylation. Further
studies will help to delineate various functions of PI4KA in HCV replication.

Overall, both papers in this issue highlight the point that plus strand RNA replication
complex formation is a fertile ground for identifying cellular drug targets (Figure 1).
Strengths of host-targeted antivirals include their high resistance barrier and pangenotypic
activity. Indeed, CypA inhibitors show very low viral breakthrough during treatment.10
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However, high barrier to resistance is not a universal attribute of host-based therapies.
Enterovirus resistance to enviroximes, which target PI4KB for enterovirus replication,
develops very easily, such that a single point mutation eliminates the need for the kinase and
its product PI4P altogether in the viral replication.29-30 Certain classes of DAAs might also
impact viral replication compartment formation. NS5A DAAs have 2 antiviral properties.
They inhibit an NS5A-dependent step in virion assembly and also inhibit RNA replication
with kinetics similar to the CypA inhibitor.31 Further studies will determine whether these
DAA s directly or indirectly manipulate NS5A interaction with cellular factors like PI4KA or
OSBP.
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See “Oxysterol-binding protein is a phosphatidylinositol 4-kinase effector required for
HCV replication membrane integrity and cholesterol trafficking,” by Wang H, Perry JW,
Lauring AS, et al, on page 1373; and “Inhibition of HCV replication by cyclophilin
antagonists is linked to replication fitness and occurs by inhibition of membranous web
formation,” by Madan V, Paul D, Lohmann V, et al on page 1361.
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Hepatitis C virus (HCV) infection remodels the endoplasmic reticulum to create its
replication compartment, termed the membranous web. Cyclophilin A (CypA) interaction
with nonstructural protein (NS)5A is important for the biogenesis of these membranous
webs.8 In addition, NS5A interacts with and activates phosphatidylinositol-4-kinase-alpha
(P14KA\) to induce its product phosphatidylinositol-4-phosphate (P14P), which recruits
oxysterol binding protein (OSBP) to transfer cholesterol to these membranes.” OSBP and
vesicle-associated membrane protein-associated protein A (VAPA) likely recruit replication
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complex proteins, including NS5A and NS5B. CypA inhibitors perturb replication
compartment formation and NS5A RNA binding. NS5A DAAs may also inhibit this
process, either directly or indirectly. The PI4KA inhibitor AL-9 and OSBP inhibitors OSW1
and minor enviroxime-like compounds, could inhibit HCV replication by blocking
cholesterol recruitment to the membranous web.
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