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Hepeatitis C virus (HCV) proliferates by hijacking the host lipid machinery. In vitro replication
systems revealed many aspects of the virus life cycle; in particular, viral utilization of host lipid
metabolism during HCV proliferation. HCV interacts with lipid droplets (LDs) before starting
the process of virus capsid formation at the lipid-rich endoplasmic reticulum (ER) membrane
compartment. HCV buds into the ER via lipoprotein assembly and secretion. Exchangeable
apolipoproteins, represented by apolipoprotein E (apoE), play pivotal roles in enhancing
HCV-specific infectivity. HCV virions are likely to interact with other lipoproteins circulating
in blood vessels and incorporate apolipoproteins as well as lipids. This review focuses on
virus assembly and egress by briefly describing the recent advances in this area.

he causative agents of chronic non-A and
Tnon—B hepatitis are present in patients at
much lower titers than hepatitis viruses such
as hepatitis A virus (HAV) and hepatitis B virus
(HBV); therefore, isolation of genomic informa-
tion was difficult until the advent of the bac-
teriophage expression vector Agtll (Choo et al.
1989). Analysis of the cloned hepatitis C virus
(HCV) genome revealed high sequence similar-
ity with flaviviruses and pestiviruses. HCV is
now classified into the family Flaviviridae, genus
Hepacivirus. Compared with other members of
this family, HCV shows peculiar physicochem-
ical characteristics, most notably differences in
virus density in circulating blood (Carrick et al.
1992; Thomssen et al. 1992; Hijikata et al. 1993b;
Prince et al. 1996; André et al. 2002, 2005; Pu-
meechockchai et al. 2002; Nielsen et al. 2006,
2008). This varies from low (~1.05 g/mL) to
high (~1.25 g/mL). The low-density HCV frac-

tion associates with very low-density lipopro-
teins (VLDLs) and contains apolipoprotein A
(apoA), apoAl, apoB, apoC, apoE, and phos-
pholipids, such as phosphatidylcholine (PC)
and sphingomyelin (SM), along with free and
esterified cholesterol (Chang et al. 2007; Dreux
etal. 2007; Meunier et al. 2008; Merz et al. 2011;
Catanese et al. 2013; Sun et al. 2013). Thus, cir-
culating HCV is referred to as a lipoviroparticle
(LVP) (André et al. 2002).

Development of in vitro culture systems
(sub- and full genome replication systems adapt-
ed to cultured cell lines) (Lohmann et al. 2001;
Lindenbach etal. 2005; Wakita et al. 2005; Zhong
et al. 2005) and pseudotype HCV proliferation
systems (Bartosch et al. 2003) has revealed the
importance of lipids to the HCV life cycle: (1)
there is a functional association between lipid
droplets (LDs) and virus replication; (2) the virus
uses host lipid secretion machinery to facilitate
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secretion; (3) there is increased association be-
tween apoE and HCV both inside and outside
infected cells; and (4) removal of lipid compo-
nents from HCV decreases its infectivity, sug-
gesting a strong association between HCV and
lipid components. However, the detailed mech-
anism(s) underlying the association between
lipids and HCV proliferation is unclear.

In this review, I discuss the mechanisms un-
derlying virus egress by dissecting the process
into three parts: (1) LD to virus envelopment;
(2) envelopment to secretion of virus into the
endoplasmic reticullum (ER) lumen; and (3)
postegress events. I also refer the reader to sev-
eral other review articles (Bartenschlager et al.
2011; Lindenbach and Rice 2013; Aizawa et al.
2015; Grassi et al. 2016).

HETEROGENEOUS DENSITY OF HCV
PARTICLES

Measurement of HCV RNA in the plasma of
infected individuals has shown that virus densi-
ty varies from 1.03 to 1.25 g/mL. HCV particles
atlow density are highly infectious (Bradley et al.
1991; Hijikata et al. 1993b). The density of HCV
particles varies according to host cell type. In-
fectious viruses from cultured cells show char-
acteristics similar to those from HCV-infected
patients (Bradley et al. 1991; Cai et al. 2005;
Lindenbach et al. 2005; Wakita et al. 2005;
Zhong et al. 2005; Gastaminza et al. 2006;
Chang et al. 2007).

Intracellular virions produced by in vitro sys-
tems are characterized by high density and low
infectivity (Gastaminza et al. 2006), suggesting
that increased infectivity is attributable to asso-
ciation with host lipoproteins before egress.
HCV produced by chimpanzees or mice harbor-
ing human liver grafts infected with in vitro—cul-
tured HCV shows higher infectivity and lower
average buoyant density than cultured HCV
(Lindenbach et al. 2006; Calattini et al. 2015).

THE MEMBRANOUS NICHE IN WHICH
VIRUS RNA SYNTHESIS OCCURS

HCV induces remodeling of the primary ER-
derived membrane, termed the membranous

web (Gosert et al. 2003). A similar altered mem-
brane structure is observed in the liver of HCV-
infected chimpanzees and humans (Pfeifer et al.
1980; De Vos et al. 2002; Egger et al. 2002; Falcon
et al. 2003). HCV structural proteins are not
essential for establishing this web structure in
which HCV RNA synthesis takes place. The al-
tered membranous structures are observed in
cells that express autonomously self-replicating
HCV subgenomes that lack coding sequences
for virus structural proteins (HCV core proteins
[core] and HCV envelope proteins [E1 and E2]).
Newly synthesized HCV RNA, detected by met-
abolic labeling with 5-bromouridine, colocalizes
with the membranous web, suggesting that the
web structure contains an active site for HCV
replication (Gosert et al. 2003). Details of
the membranous structures induced by HCV-
infected cells have been revealed by electron
microscopy (EM) (Romero-Brey et al. 2012; Fer-
raris et al. 2013). Several host factors contribute
to membranous web formation (Dreux et al.
2009; Ferraris et al. 2010; Neufeldt et al. 2013;
Paul et al. 2013).

Digitonin is a detergent that permeabilizes
the plasma membrane without affecting the
inner cellular membrane structure. Cells bear-
ing HCV subgenomic replicons do not show
altered HCV RNA synthesis before or after the
treatment with digitonin (Miyanari et al. 2007).
Most HCV proteins in permeabilized cells are
retained inside the cell membrane, indicating
that the proteins are associated with membrane
components. Incubation of permeabilized cells
with a protease reduces the amount of HCV
proteins, including nonstructural (NS) proteins
NS3, NS4A, NS5A, and NS5B, to <10% of the
amount present before treatment. However, im-
portantly, the cells retain the ability to synthesize
the subgenomic HCV RNA and replicate almost
as efficiently as before protease treatment (Miya-
nari etal. 2007). Thus, only a small proportion of
HCV proteins maintain HCV RNA synthesis.
However, treatment of permeabilized cells with
detergents (e.g., 1% NP40) followed by protease
treatment results in almost complete clearance
of HCV RNA and protein, suggesting that small
amounts of NS HCV proteins and cellular
membranous components constitute an active
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“replication niche” for HCV RNA synthesis. The
majority of remaining HCV proteins is localized
on the cytoplasmic side of the cell membrane.
Because a very small percentage of NS HCV
proteins is responsible for genome replication,
membranous webs observed by EM might re-
flect the vast majority of the HCV proteins that
are not directly involved in active “replication
niches.” It is possible that the “replication niche”
is in close proximity to other HCV protein com-
plexes and that the majority of HCV proteins
that are not involved in the “replication niche”
play other important roles that maintain virus
proliferation, for example, during the pre- and
postreplication stages. Indeed, accumulating ev-
idence shows that HCV proteins not involved in
virus components do contribute to virus assem-
bly and egress. Also, it is possible that both the
niche and excess NS proteins outside the niches
are required to protect viral RNA from host de-
fenses (Horner 2015; Neufeldt et al. 2016).

Although this study suggests that HCV RNA
synthesis is sensitive to detergent, Shi et al.
(2003) reported detergent resistance. However,
the RNA synthesis was reduced to a level less
than one-third of that of untreated virus (Shi
et al. 2003), indicating that the RNA synthesis
is sensitive to detergent. It is likely that the effect
of detergent depends on the amounts of lipid
components within the membranes in the sam-
ple analyzed.

ASSOCIATION OF HCV CORE PROTEIN
WITH CYTOPLASMIC LDs

HCV core protein forms the viral capsid and is
associated with the ER membrane and the sur-
face of cytoplasmic LDs in mammalian cells
(Moradpour et al. 1996; Barba et al. 1997; Yasui
et al. 1998). Based on hydrophobicity and clus-
tering of basic amino acids within the protein
(Hope and McLauchlan 2000), the HCV core
comprises two regions: the amino-terminal re-
gion (D1; amino acid [aa] residues 1-118) and a
central domain (D2; aa residues 119-177). D1
harbors basic aa residues that interact with viral
RNA (Boulant et al. 2005; Ivanyi-Nagy et al.
2006). D2 is hydrophobic and is important for

HCV Assembly and Egress

the interaction with LDs (Hope and McLauch-
lan 2000; Boulant et al. 2006).

The core protein is produced as a precursor
peptide (191 aa residues) (Hijikata et al. 1991),
which is cleaved to yield the mature form, p21
(Yasui et al. 1998). Retention of the hydrophobic
sequence at the carboxyl terminus (aa 178-191)
anchors the protein to the phospholipid bilayer
of the membrane. p21 can traverse the phospho-
lipid monolayer membrane of the LD or the
cytoplasmic leaflet of the ER in the double layer
membrane structure (McLauchlan et al. 2002;
Targett-Adams et al. 2008).

LDs are thought to be important for pro-
duction of infectious virus (Boulant et al. 2007;
Miyanari et al. 2007; Shavinskaya et al. 2007).
The replication-competent HCV  replicon,
HCV'™™! increases the number of large LDs in
acore-dependent manner (Miyanari et al. 2007).
LD size varies depending on the core sequence
in the HCV replicon. LD growth occurs through
fusion of smaller LDs, transfer of lipid esters
between adjoining LDs, and via activity of bio-
synthetic enzymes (Wilfling et al. 2013; Ohsaki
et al. 2014). HCV cell culture (HCVcc) variants
derived from cell culture may show differences
in the regulation of the function that determines
LD morphogenesis (Perlemuter et al. 2002;
Tsutsumi et al. 2002; Dharancy et al. 2005;
Blackham et al. 2010; Mankouri et al. 2010;
Bose et al. 2014; Kim et al. 2014). The D2 core
mutant does not associate with LDs, thereby in-
hibiting virus production (Boulant et al. 2007;
Miyanari et al. 2007; Shavinskaya et al. 2007).
Inhibiting the signal peptidase responsible for
cleaving the carboxy-terminal region of the
HCV core also reduces virus production (Tar-
gett-Adams et al. 2008). These observations
indicate that productive infection requires asso-
ciation of the HCV core with LDs or the ER
membrane.

More importantly, core-associating LDs are
closely associated with membrane structures
rich in other HCV proteins such as E1/E2 and
NS proteins such as NS5A and NS4A/B (Miya-
nari et al. 2007). Because membrane structures
do not accumulate near LDs in cells not express-
ing HCV core, or in cells expressing an HCV
core mutant lacking association with LDs, asso-
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ciation between core and LDs is important for
recruitment of membrane components to the
area in which core-associating LDs reside. It is
possible that the biochemically prepared LD
fractions in this study might have been copuri-
fied with ER membrane fractions harboring
HCV RNA synthesizing activity (Miyanari et
al. 2007). This is likely because HCV proteins
such as E2, NS3, NS4B, and NS5B (which do not
associate directly with LDs but do associate with
ER membranes) were present in the prepared
LD fraction (Miyanari et al. 2007). This result
strongly suggests close proximity of the core-
bound LDs with the replication niche and the
site of assembly on the ER membrane.

NS5A associates with LD and interacts with
HCV core. NS5A may play roles, at least in part,
inassembling the membranous structure around
core-associating LDs because NS5A not only in-
teracts with core-associating LDs but also with
the ER membrane (Shi et al. 2002). NS5A inter-
acts with the amino-terminal basic region of
HCV core through domain I, rather than do-
main III, of NS5A (Gawlik et al. 2014).

Several host factors are involved in associa-
tion of HCV core with LDs. Diacylglycerol acyl-
transferase-1 (DGAT1) interacts with HCV core
and NS5A and is required for trafficking of HCV
core and NS5A to LDs (Herker et al. 2010). In-
hibition of DGAT1 activity or RNA interference
(RNAi)-mediated knockdown of DGATI1 se-
verely impairs production of infectious virions
(Camus et al. 2013). Small interfering RNA
(siRNA)-mediated knockdown of heat shock
cognate 70 (HSC70) reduces the volume of
LDs and inhibits virus release (Parent et al.
2009). The mitogen-activated protein kinase
(MAPK)-regulated cytosolic phospholipase
A2, group IVA (PLA2G4A) plays as a role in
recruiting HCV core to LDs and in specific
cleavage of lipids containing arachidonic
acid, which is essential for production of highly
infectious viral particles (Menzel et al. 2012).
Lipolysis by PLA2G4A also reduces the amount
of HCV core protein on LDs (Menzel et al.
2012).

The genetic determinants of association of
HCV core with LDs depends on the HCV core
variant (Etienne et al. 2015). Replacing ten ami-

no acid residues in the core protein of HCV/™!
that differ from those residues that are conserved
in other HCV genotypes alters core localization
and HCV infectivity. In cells expressing this mu-
tant HCV genome, termed C10M-JFH1, most
core proteins localize to the ER membrane rath-
er than LDs. NS5A also colocalizes with this core
protein at the ER membrane. Replication of
C10M-JFH-1 is higher than that of JFH-1, indi-
cating an inverse correlation between extra-
cellular viral titer and association of HCV core
proteins with LDs (Etienne et al. 2015). This
may explain why the processes of encapsidation
and virus envelopment are rate limiting in the
case of HCV/™™!, Different genotypes show
varying levels of core association with the LD
(Gallietal.2013; Kim etal. 2014). Colocalization
of core and NS5A at the membrane is observed
irrespective of genotype (Galli et al. 2013). Core
and NS5A proteins are highly associated with
LDsat 12 hours postinfection, but are associated
mostly with the ER at later times (Galli et al.
2013). These results suggest that core-bound
LD brings the replication niche and assembly
platform into close proximity. Once this struc-
ture is established, the number of core molecules
on the LD decreases as they accumulate at the ER
membrane and the virus is assembled.

These data suggest that the direct involve-
ment of core-bound LD in virus assembly (i.e.,
interaction between LD-associated NS5A and
core proteins with HCV RNA) needs to be re-
evaluated using different HCV genotypes.

STAGES INVOLVED IN VIRUS ASSEMBLY
AND EGRESS

From LD to Envelopment of Virus Particles

Studies of HCV assembly show that almost all
virus proteins are involved in assembly, together
with the coordinated actions of cellular proteins.
The core and E1/E2 proteins are the minimum
integral protein components of an HCV parti-
cle. Among the other virus proteins, the roles of
NS5A, p7, and NS2 in virus assembly have been
relatively well studied.

Trafficking to and from LDs to the ER is an
important part of lipid metabolism. Several host
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factor(s) are involved in functional association
between LDs and the ER (Ohsaki et al. 2014;
Salo et al. 2016). Lipid mobilization from cyto-
plasmic LDs favors the morphogenesis and se-
cretion of HCV particles (Vieyres et al. 2016;
Beilstein et al. 2017). On HCV infection, hepa-
tocyte cell lines and primary human hepatocytes
decrease production of lysophosphatidylcholine
acyltransferase 1 (LPCAT1) transcript and pro-
tein; this results in altered lipid metabolism,
characterized by LD remodeling, increased tri-
acylglycerol storage, and increased secretion of
VLDL. In infected cells, LPCAT1 depletion in-
creases production of viral particles with the
lowest density and highest infectivity (Beilstein
et al. 2017). o/ hydrolase domain-containing
protein 5 (ABHD?5) associates with LDs, thereby
triggering their hydrolysis. ABHD5 mobilizes
lipids for HCV virus production (Vieyres et al.
2016). These data suggest that an active func-
tional interaction between LDs and the ER fa-
cilitates production of both VLDL and HCV.

Virion assembly requires recruitment of
HCV core to an appropriate site on the ER
membrane. Adaptor-related protein complex 2
subunit mu 1 (AP2M1) traffics HCV core from
LDs to the site of virus budding at the ER (Neveu
et al. 2012). HCV NS2, in complex with other
HCV proteins, acts as a scaffold that bridges
structural and NS proteins during HCV assem-
bly (Ma et al. 2008; Jirasko et al. 2010; Popescu
et al. 2011; Stapleford and Lindenbach 2011).
NS2 is also required for dynamic HCV core
movement and for functional association with
NS5A (Coller et al. 2012).

The p7-NS2-E2 complex functions at an
early stage of virion morphogenesis, before en-
velopment of infectious virus (Jones et al. 2007).
In vitro studies show that the ion channel activ-
ity of p7 and the protease domain of NS2 (but
not its catalytic active site) within the complexes
are required for the function (Jones et al. 2007).
Over time, NS2 accumulates in ER-derived dot-
ted structures and colocalizes with HCV E1, E2,
and components of the replication complex in
close proximity to the HCV core protein (Po-
pescu et al. 2011). Genetic and coimmunopre-
cipitation data suggest that NS2 interacts with
HCV E2 (Selby et al. 1994; Steinmann et al.

HCV Assembly and Egress

2007; Phan et al. 2009; Yi et al. 2009). In addi-
tion, NS4B associates with NS3 during HCV
assembly (Jones et al. 2009; Yan et al. 2017);
thus, both NS5A and NS2 play pivotal roles in
virus assembly.

Interaction between NS5A and HCV core is
crucial for productive infection (Masaki et al.
2008; Gawlik et al. 2014). A core mutant lacking
interaction with NS5A abolishes production of
infectious virus, despite maintaining synthesis
of HCV RNA (Gawlik et al. 2014). In addition,
NS5A associates with HCV RNA (Huang et al.
2005). The amino terminus of NS5A comprises
an amphipathic o-helix embedded into the cy-
tosolic leaflet of the ER membrane (Penin et al.
2004). This specific structure shows high affinity
for lipid-rich components (Shi et al. 2002).

Biochemical analyses identified domain I,
domain II, and domain III in NS5A (Telling-
huisen et al. 2004). Domain I has RNA-binding
ability and is essential for RNA replication
(Huang et al. 2005). A large portion of domain
ITand all of domain III are not essential for RNA
replication (Tellinghuisen et al. 2008b). Howev-
er, domain III is necessary for virus assembly
(Appel et al. 2008; Masaki et al. 2008; Telling-
huisen et al. 2008a). Domain III is rich in serine
and threonine and is a target for phosphoryla-
tion (Tanji et al. 1995). Phosphorylation of do-
main IIT affects the interaction with LD and
core, as well as the association with NS2 because
the phosphorylated form is more stable (Hughes
et al. 2009; Popescu et al. 2011).

Among the many host factors involved in
virus assembly, annexin A2 (ANXA2), present
in the membrane fraction of HCV replication
complexes (Backes et al. 2010), colocalizes
with NS5A and plays a role in HCV assembly.
TIP47 interacts with NS5A and recruits NS5A-
associated viral RNA to the site of HCV assem-
bly site on the surface of LDs (Ploen et al. 2013;
Vogt et al. 2013). Heterogeneous nuclear ribo-
nucleoprotein K (HNRNPK) interacts specifi-
cally with HCV RNA. This protein is recruited
to sites in close proximity to LDs and colocalizes
with HCV core protein and HCV plus-strand
RNA (Poenisch et al. 2015). A concise model
of early HCV assembly before encapsidation vi-
rus capsid formation is shown in Figure 1.
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Figure 1. Model of early hepatitis C virus (HCV) assembly before encapsidation. (Left) Association of HCV core
protein with lipid droplets (LDs) brings the HCV replication niche and the assembly platform into close
proximity. (From data in Miyanari et al. 2007, with permission, from the authors.) (Right) RNA synthesis occurs
in the niche in which nonstructural (NS) proteins NS3-NS5B play a role. HCV RNA is transferred from the RNA
replication niche to the site of assembly at the ER membrane. NS5A and NS3-4A are involved in transferring
RNA from the niche to the site of assembly. p7-NS2 plays a bridging function to associate structural and NS
proteins at the assembly site (see main text for details; also see Bartenschlager et al. 2011; Lindenbach and Rice
2013; Aizawa et al. 2015; Grassi et al. 2016). LDs may not be required once coordination between the replication
niche and assembly platforms is established (Galli et al. 2013; Etienne et al. 2015).

From Envelopment of Particles to Egress into
ER Lumen

Mainly, in vitro studies of the HCV life cycle are
performed using Huh?7 cells or its derivative cell
lines infected with HCVcc. The mechanism of
virus assembly described here is mainly based
on experiments conducted using these systems.
Several host factors participate in budding of
viruses into the ER lumen. These factors are
often involved in VLDL synthesis. Taking ad-
vantage of the fact that most HCV proteins as-
sociate with cell membranes (Hijikata et al.
1993a; Moradpour et al. 2004), HCV proteins
complexes were coimmunoprecipitated togeth-
er with ER membrane fractions using tagged

NS5A as a probe. The obtained vesicles, which
are rich in proteins required for VLDL assembly
(i.e., apoB, apoE, and microsomal triglyceride
transfer protein [MTP]), are used to analyze
the effect of MTP and apoB on HCV secretion
(Huang et al. 2007). Blocking VLDL assembly
using an inhibitor of MTP and an siRNA spe-
cific for apoB (Huang et al. 2007) inhibits HCV
production. Analysis of HCV production by
Huh?7 or its derivatives reveal functional associ-
ation between HCV and the VLDL secretion
machinery (Gastaminza et al. 2008). Further-
more, intracellular (premature) HCV that is
poorly lipidated during assembly is degraded
quickly (Gastaminza et al. 2008). Also, other
studies reported a possible functional associa-
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tion between HCV secretion and VLDL (Nah-
mias et al. 2008; Yao and Ye 2008).

However, another study indicates that pro-
duction of HCV with high infectivity is more
dependent on apoE than on apoB (Chang et al.
2007). The density of HCVcc produced in vitro
varies from 1.03 to 1.23 g/mL (Chang et al.
2007). Particles in the low-density fractions are
more infectious than those in higher density
fractions. Strikingly, the fractions containing
most infectious virus contains the highest
amounts of apoE and no correlation between
the amount of apoB and specific infectivity of
HCV. Knockdown of apoE using siRNA sup-
presses formation of HCV particles. In contrast,
apoB-specific antibodies and siRNAs had no
significant effect on HCV infectivity and pro-
duction, respectively (Jiang and Luo 2009).
Thus, it seems that apoB does not play an essen-
tial role in the HCV life cycle (Jiang and Luo
2009). Furthermore, inhibitors of MTP more
severely affect secretion of HCV than that of
VLDL (Jiang and Luo 2009). This suggests that
HCV assembly does not rely completely on the
mechanism underlying VLDL secretion in cells;
rather, assembly occurs via some modification of
the machinery.

Alternatively, HCV assembly may occur via
mechanisms different from those underlying
VLDL secretion. Imaging analysis of HCV
core trafficking in live cells revealed colocaliza-
tion of HCV core with apoE, but not with apoB
(Coller et al. 2012). HCV-mediated modifica-
tion of VLDL secretion has been reported
(Perlemuter et al. 2002). HCV core inhibits
MTP activity (Perlemuter et al. 2002; Mancone
etal. 2012). NS5A dysregulates VLDL secretion
by inducing ferritin heavy chain, which inhibits
production of apoB (Mancone et al. 2012). It is
possible that HCV suppresses VLDL secretion
such that HCV can use excess lipid to generate
lipid-rich viruses. Thus, HCV assembly may not
be fully dependent on the VLDL secretion sys-
tem. Instead, HCV may modify the system for its
own benefit.

Huh?7 cells produce poorly lipidated VLDL;
thus, they produce dense apoB-containing par-
ticles (Icard et al. 2009; Meex et al. 2011). It is
possible that the mechanisms underlying in-

HCV Assembly and Egress

volvement of lipoproteins during HCV assem-
bly in this cell line (or its derivatives) may only
reflect one side of the virus assembly process,
which may not be sufficient in in vivo systems.
Investigating HCV assembly in hepatocytes that
have normal lipoprotein assembly systems will
reveal the precise role of lipoprotein synthesis in
HCV assembly.

Production of infectious HCVs independent
of VLDL secretion is observed in nonhepatic
cells. Exogenous expression of defined host fac-
tors in human nonhepatic HeLa and 293 cells
reconstitutes the entire HCV life cycle, thereby
allowing robust HCV entry and RNA replication
but not production of infectious virus (Da Costa
et al. 2012; Hueging et al. 2014). However, ec-
topic expression of apoE, followed by infection
with HCV, allows production of infectious vi-
ruses (Da Costa et al. 2012). Because these cell
lines do not produce VLDL, infectious virus
production does not require apoB- and MTP-
related VLDL production.

Studies have used siRNA to suppress apoB
(Huang et al. 2007; Jiang and Luo 2009); how-
ever, it is unclear whether apoB is dispensable or
required (even in small amounts) for HCV bio-
genesis. Knockout of apoB or apoE in Huh7 cells
reduced HCV production to <1/10 of control
levels, respectively. However, double knockout
of apoB and apoE inhibited secretion of infec-
tious viruses by 100-fold. Ectopic expression of
apoE to apoB/apoE double knockout cells re-
stored production of infectious virus. Ectopic
expression of apoE or MTP in apoB/MTP
double knockout cells restored production of
infectious virus to high or moderate levels, re-
spectively (Fukuhara et al. 2014). In sum, these
studies have led to the proposal of apoB-depen-
dent and -independent virion assembly path-
ways (Fig. 2).

Importantly, ectopic expression of ex-
changeable apolipoproteins, such as apoAl,
A2, C1, C2, and C3, in apoB/apoE double
knockout cells restored production of infectious
viruses to the same level as that observed after
expression of apoE. This effect was observed by
expressing the peptides of amphipathic o-heli-
ces containing the amino-terminal domain of
apoE (Fukuhara et al. 2014; Li et al. 2017).
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Figure 2. Envelopment to egress into the endoplasmic reticulum (ER) lumen. At least two mechanisms may be
involved in hepatitis C virus (HCV) secretion into the lumen: apolipoprotein B (apoB)-dependent and -inde-
pendent. One model shows the production of a fused form of HCV with very low-density lipoproteins (VLDLSs).
Another model is budding of HCV without apoB. All nascent virus particles may be further lipidated by luminal
lipoproteins and may incorporate exchangeable apolipoproteins. E1/E2 dimers may distribute both in the ER
membrane-derived phospholipid bilayers and in the phospholipid monolayer membrane of lipid rich HCV
(Icard et al. 2009). (Based on data in Bartenschlager et al. 2011.)

This suggests that production of infectious virus
particles is facilitated by factors involved in li-
poprotein synthesis and secretion. It may be that
production of infectious virus is regulated re-
dundantly by exchangeable apolipoproteins ex-
pressed in the liver. Generation of apoB-indepen-
dent large lipoproteins in the ER lumen occurs
under conditions of ER stress (Soltysik et al.
2019). Similarly, HCV may induce ER stress to
generate large lipoproteins that facilitate its own
assembly.

ApoE and other exchangeable apolipopro-
teins participate in secondary lipidation of
VLDL precursors by fusing with luminal LDs
(Sundaram and Yao 2012). ApoE may associate

with HCV either during or after the envelop-
ment of viruses by interacting with HCV E2
(Boyer et al. 2014; Hueging et al. 2014; Lee
et al. 2014). Association of apoE with HCV E2
is detected in the ER (Boyer et al. 2014), suggest-
ing association of apoE with HCV at the early
stage of assembly. In this scenario, copresenta-
tion of E1/E2 and apoE on HCV particles during
virion envelopment seems to occur. In contrast,
apoE may be incorporated at a late stage of as-
sembly, such as particle maturation, because
apoE depletion does not affect formation of
the nucleocapsid or virus envelopment (Lee
et al. 2014). There may be no strict spatiotem-
poral limitation with respect to apoE interaction
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with HCV. As described below, association with
apoE also occurs extracellularly. The effects of
apoE on virus assembly and specific infectivity
vary, dependent on the HCVcc isolate (Weller
et al. 2017).

Secretion of HCV from the ER Lumen

HCV release depends on components of the en-
dosomal sorting complex required for transport
(Corless et al. 2010; Ariumi et al. 2011). Trans-
Golgi network (TGN)-associating adaptors play
a pivotal role during HCV assembly and release
(Coller et al. 2012; Mankouri et al. 2016). HCV
RNA is enriched in highly buoyant COPII ves-
icle fractions, and is cofractionated with apoB,
apoE, and the HCV core and E1/E2 (Syed et al.
2017). Ultrastructural analysis reveals the pres-
ence of HCV structural proteins, RNA, and apo-
lipoproteins in the Golgi stacks, supporting the
hypothesis that HCV assembles with apolipo-
proteins in the ER and is then transported to
the Golgi compartment in COPII vesicles, where
it enters the Golgi secretory route (Syed et al.
2017). VLDL secretion is unaffected by silencing
Rabs and TGN-endosome adaptors that block
HCV egress, whereas inhibiting apoE secretion
using monensin, a polyether antibiotic, does not
impair HCV release suggesting they use distinct
secretion pathways (Mankouri et al. 2016).
ABHDS5 colocalizes with apoE and may play a
role in HCV secretion (Vieyres et al. 2016). Ma-
ture HCV is sorted into secretory vesicles (e.g.,
multivesicular bodies) and recycling endosomes
before transport to the plasma membrane. Ear-
ly-endosome proteins such as Rab5 are neces-
sary for HCV genome replication, suggesting
involvement of the early-endosome at multiple
stages of HCV proliferation (Stone et al. 2007;
Manna et al. 2010). Taken together, the results
suggest that release of infectious HCV occurs via
a TGN-endosomal secretion pathway that is dis-
tinct from that of VLDL.

AFTER EGRESS

The average buoyant density of HCV generated
in chimpanzees or mice harboring human liver
grafts infected with HCV in vitro cultured from

HCV Assembly and Egress

Huh?7-derived cells is lower than that of cultured
HCV (Lindenbach et al. 2006). Assuming that
Huh7 cells produce high-density HCV caused
by aberrant VLDL secretion mechanisms (Icard
et al. 2009; Meex et al. 2011), we would expect
conversion to low-density viruses as the animals
are likely to have normal VLDL production in
liver tissues. Also, it is possible that HCV gains
lipids from serum lipoproteins (Fig. 3).

The blood of HCV-infected patients con-
tains HCV particles harboring apoB100 or
apoB48. This indicates that a significant fraction
of plasma HCV is associated with apoB48-con-
taining lipoproteins (Diaz et al. 2006). ApoB48
is a truncated form of apoB100 and is major
protein in lipoprotein particles secreted by in-
testinal enterocytes. It is unlikely that intestinal
enterocytes produce HCV particles; rather,
HCV is likely to associate with apoB48-con-
taining lipoproteins when circulating in blood.
Interaction with serum apoB48-containing lipo-
proteins is likely to be both transient and revers-
ible (Diaz et al. 2006; Felmlee et al. 2010), but
may facilitate HCV infectivity.

Accumulating evidence suggests the impor-
tance of extracellular association between apoE
and HCV. This interaction enhances specific in-
fectivity and may aid the virus in evading neu-
tralizing antibodies (Yang et al. 2016; Bankwitz
et al. 2017; Li et al. 2017). Addition of secreted
apoE-associated lipoprotein increases the infec-
tivity of HCV produced by apoE-deficient cells.
Exchange of apoE between HCV and lipopro-
teins maintains adequate apoE levels on HCV,
facilitating efficient attachment to cell surfaces
(Yang et al. 2016). Secreted HA-tagged apoE
produced by plasmid-transduced 293T cells
bind to HCV produced by primary human he-
patocytes (Li et al. 2017). Soluble apoE genetic
isoforms affected HCV infectivity on associa-
tion with HCV (Li et al. 2017), as shown by a
study examining the effect of apoE genetic var-
iants on production of HCV by infected cells
(Hishiki et al. 2010). Serum-derived HCV par-
ticles harbor higher amounts of apoE than cell
culture-derived HCV particles (Bankwitz et al.
2017), suggesting that permissiveness of cells for
HCV infection is determined mainly by exoge-
nous apoE-associated lipoproteins, which are
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Figure 3. Different architectures of lipid-rich hepatitis C virus (HCV) particles. Fusion of HCV with serum
lipoprotein may result in lipidated HCV's with different architectures. The association of serum lipoprotein may
not be required for fusion to HCV particles; an interaction not involving fusion may be sufficient for efficient
HCYV infection. However, the role played by different particles in the virus life cycle still remains unknown.

enriched in HCV-infected patients. Infectivity
of HCV particles from primary human hepato-
cytes is enhanced by addition of exogenous se-
creted apoE.

ApoE is more abundant than VLDL in the
HCV fraction from HCV patients (Nielsen et al.
2006). What is the reason for this? Assuming
that HCV E2 has high affinity for apoE (Boyer
et al. 2014; Lee et al. 2014), interaction between
the E2 and apo-E in blood vessels may lead to
accumulation of apoE, rather than VLDL, on
HCV.

CONCLUDING REMARKS

Development of in vitro HCV culture systems
has progressed tremendously and has revealed
many aspects of the virus life cycle (Lohmann
et al. 1999; Lindenbach et al. 2005; Wakita et al.
2005; Zhong et al. 2005). However, a consensus
in understanding the HCV life cycle is still need-
ed to facilitate future work, because current un-
derstanding relies heavily on a limited number
of HCV variants and cell lines, and the results
obtained in current studies sometimes yield
conflicting results. Difficulties in HCV particle

purification also hinder the study of the precise
mechanisms of virus proliferation.

Considering the rapid progress that has been
made in HCV replication systems over the last
decade, an understanding of the precise mech-
anisms of virus replication of serum-derived
HCYV in primary hepatocytes may soon be with-
in our grasp.
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