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Abstract

Hepatitis C virus (HCV) modulates cellular lipid metabolism to enhance its replication. HCV
circulates in the blood in association with lipoproteins. HCV infection is associated with enhanced
lipogenesis, reduced secretion and p-oxidation of lipids. HCV-induced imbalance in lipid
homeostasis leads to steatosis. Many lipids are crucial for viral life cycle, and inhibitors of cholesterol/
fatty acid biosynthetic pathways inhibit viral replication, maturation and secretion. HCV negatively
modulates the synthesis and secretion of very low-density lipoproteins (VLDL). The components
involved in VLDL assembly are also required for HCV morphogenesis/secretion, suggesting that
HCV coopts the VLDL secretory pathway for its own secretion. This review highlights HCV-altered
lipid metabolic events that aid in the viral life cycle and ultimately promote liver disease pathogenesis.

Human hepatitis C virus (HCV) infects about 2—3% of the world’s population. HCV infection
leads to chronic hepatitis in up to 60-80% of infected individuals [1]. HCV infection is
associated with liver steatosis, fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) [2].
Like other positive-strand RNA viruses, HCV requires alteration of intracellular membrane
architecture to facilitate its genomic replication [3]. The formation of replication competent
ribonucleoprotein (RNP) complexes, with subsequent assembly and release of infectious
virions involves membrane reorganization, intracellular trafficking and recruitment of crucial
viral and host cofactors. Consistent with this, RNA interference and proteomic analyses
identified host proteins involved in membrane biogenesis, vesicular organization and
intracellular trafficking to be crucial for HCV replication and morphogenesis [4-7]. Among
the host cofactors most notably, a lipid kinase, phosphotidylinositol 4-kinase (P14K), is shown
to be required for efficient HCV replication [5-7]. P14K-specific siRNAs reduced the
accumulation of altered membranous structures conducive for HCV RNA replication in
infected cells [5]. Genomic analysis of HCV genotype 1a infected chimpanzees showed a
positive correlation between upregulation of genes involved in lipid metabolism and onset of
viremia [8]; furthermore, 30% of total proteins associated with HCV RNP complexes are
functionally involved in lipid metabolism [9]. From these observations, it is evident that
upregulation of host lipid metabolism to enhance the availability of important lipid constituents
and membrane fluidity is crucial for establishing efficient HCV RNA replication machinery.
Saturated and mono-unsaturated fatty acids required to maintain membrane structure and
fluidity stimulate HCV replication, whereas polyunstaturated fatty acids (PUFAS), that perturb
membrane fluidity inhibit HCV replication [10,11].

Inhibitors of cholesterol and fatty acid biosynthetic pathways have been effectively used to
inhibit HCV replication [11-14]. Inhibition of VLDL assembly and secretion also affected
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virion morphogenesis and secretion, leading to the notion that HCV may co-opt/hijack the
VLDL secretion pathway for virion maturation/secretion [9,15,16]. The reliance of HCV for
its replication, morphogenesis and secretion on host lipid metabolic pathways necessitates their
modulation by HCV to create a lipid-rich intracellular environment favorable for its
multiplication. HCV influences host lipid metabolism at three levels: enhanced lipogenesis,
impaired degradation and impaired export [2]. These detrimental alterations in lipid
metabolism incurred during HCV infection manifest as the pathological basis for some of the
HCV-associated maladies, most notably steatosis and metabolic syndromes such as insulin
resistance, obesity, and hepatocellular carcinoma [2]. Steatosis, or accumulation of
hepatocellular lipid droplets, and altered serum lipid profiles are common consequences of
HCYV infection induced altered lipid homeostasis [17,18]. The current therapy against HCV, a
combination of pegylated-interferon a and ribavirin, is only partially effective, being both toxic
and genotype-specific. Anti-HCV therapies targeting HCV proteins have been developed;
however, rapidly mutating HCV genome results in evolution of drug-resistant viral mutants.
Dueto aconsiderable cross talk between HCV and host lipid metabolism, targeting components
of host lipid metabolic pathways holds promise as an effective anti-HCV therapeutic strategy.
This review highlights the role of HCV in regulating host lipid metabolism, with emphasis on
lipoprotein assembly and how these alterations affect viral infectious process and liver disease
pathogenesis.

The HCV genome is a 9.6-kb of single-stranded positive sense RNA that unlike eukaryotic
mMRNA lacks the 5’ cap and 3' polyA tail. The 5’ UTR contains an internal ribosome entry site
(IRES), which directs cap-independent translation of a polyprotein precursor of ~3000 amino
acids [19]. The polyprotein is processed by host signal peptidases and viral proteases into
mature structural (core, E1, and E2) and nonstructural (NS) proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) (Figure 1, inset) [20,21]. All the NS proteins are associated or
tethered to the endoplasmic reticulum (ER) membrane following their synthesis [3] (Figure 1,
inset). HCV RNA genome replicates within the RNP complexes assembled on the ER derived
membranous structures [3,21] (Figure 1). HCV exhibits molecular heterogeneity and is
grouped into six genotypes, which display different geographical distribution and response to
treatment [22]. Research on the molecular mechanisms of HCV replication and pathogenesis
were hampered by the lack of an efficient cell culture system or a suitable animal model.
However in 2005, an in vitro cell culture based HCV (JFH1, genotype 2a) infection system
was reported [23-25]. This strain of HCV productively infects human hepatoma cell line Huh-7
and more robustly infects the HuH-7 derived sub-clones, Huh-7.5 and Huh-7.5.1. This in
vitro model of HCV infection is currently used to investigate various aspects of HCV virology
and subsequent intracellular events relevant to disease pathogenesis.

Hepatocytes are the major sites of HCV infection. HCV entry into hepatocytes is mediated by
direct interaction with CD81, scavenger receptor class B member 1 (SR-B1) and other
accessory factors, which include low-density lipoprotein receptor (LDLr) and
glucosaminoyglycans [26,27,28]. After binding to the cell surface via its putative receptors,
HCV is transferred to tight junctions, where the virus interacts with claudin-1 [29] and occludin
[30,31] prior to gaining entry into the hepatocytes [26—28]. The HCV viral particles found in
patients’ sera as lipoprotein complexes infect hepatocytes by the lipoprotein uptake route
independent of viral envelope proteins. They initially bind to cell surface glucosaminoglycans
followed by subsequent interaction with LDLr and/or SRB1 [32,33]. The SRB1 and LDLr-
mediated uptake of HCV pseudoparticles or serum derived HCV virions is competitively
inhibited by serum LDL and VLDL [32,33]. Hence, lipoprotein levels in patients’ sera
determine the efficacy of treatment. Indeed, it has been reported that patients with high serum
LDL and cholesterol levels respond readily to anti-HCV treatment compared to those with low
levels [34].
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HCV-associated steatosis and lipid metabolism

Liver steatosis (fatty liver) or accumulation of hepatocellular lipid droplets, storage sites of
cytosolic neutral lipids, is the prominent histological phenotype of HCV infection occurring
in 73% of patients infected with genotype 3 and in 50% of patients infected with other
genotypes [2,17]. Steatosis appears to be a direct consequence of viral protein expression in
genotype 3 infection, whereas in other genotype infections, it is associated with metabolic
syndromes like insulin resistance and obesity [2]. However, HCV-associated regulation of host
lipid metabolism does not entirely appear to be genotype-specific.

HCV modulates lipid homeostasis by increasing lipogenesis via SREBP activation [35] and
reducing oxidation and lipid export [2] (Figure 2). SREBPs are ER membrane bound
transcription factors that activate genes encoding enzymes of cholesterol and fatty acid
biosynthesis [36]. There are three isoforms designated SREBP-1a, SREBP-1c¢ and SREBP-2
[37]. SREBP-1a activates all SREBP target genes, whereas SREBP-1c and SREBP-2 activate
genes involved in fatty acid and cholesterol metabolism, respectively [37]. Inhibiting SREBP
activation by treatment with 25-hydroxycholesterol blocks HCV replication [8]. Similarly,
fatty acid synthase (FAS), an enzyme primarily involved in de novo synthesis of fatty acids,
is upregulated during HCV infection, and inhibition of FAS activity also inhibits HCV
replication and release [8,38]. These observations highlight the importance of upregulating de
novo synthesis of fatty acids and cholesterol to enhance the availability of important lipid
constituents for establishment of efficient HCV replication.

HCV promotes ER stress induced unfolded protein response (UPR) in infected hepatocytes
[39,40]. Recent studies reveal a critical role of the UPR in hepatic lipid metabolism [41-43].
X-box-binding protein 1 (XBP1), a key regulator of the ER stress induced unfolded protein
response (UPR), was recently characterized as an important factor in hepatic lipogenesis
independent of its putative role in UPR signaling [43]. The ER stress-induced C/EBP-
homologous protein (CHOP) negatively modulates CCAAT/enhancer binding protein a (C/
EBPa), a transcription factor crucial for lipid homeostasis and hepatic steatosis [41].
Interestingly, CHOP expression is elevated in HCV infection and sensitizes cells to oxidant
injury [44]. Similarly, ER stress-induced eukaryotic initiation factor 2a (elF2a)
phosphorylation also triggers hepatic lipogenesis and promotes steatosis [42]. These findings
suggest differential regulation of genes involved in lipid homeostasis by mediators of ER stress
response; however, further studies are warranted to understand how HCV governs the ER stress
response to promote its lipogenic and steatogenic potential to facilitate its life cycle.

HCYV infection is also associated with reduced serum cholesterol and B-lipoprotein levels [2].
Upon successful antiviral treatment, cholesterol and B-lipoprotein levels are restored to
normalcy, suggesting that HCV gene expression is responsible for their altered levels [2]. HCV
can also lead to hepatic steatosis by down-regulating fatty acid breakdown and cholesterol
export. Oxidative stress induced during HCV infection via mitochondrial dysfunction
generates ROS, which can alter functions of proteins and lipids via peroxidation and hence
negatively influence important cellular processes like fatty acid oxidation and export [39]. The
significance of impaired lipid degradation in HCV-associated steatosis is substantiated by
reduced mRNA levels of peroxisome proliferator-activated receptor oo (PPARa) in HCV
infected patients with steatosis when compared to those without steatosis [45,46]. PPARa is
highly expressed in hepatocytes and crucial for lipid homeostasis via its ability to upregulate
genes involved in B-oxidation and transport of fatty acids [47]. Interestingly, a recent study
using PPARa homozygous, heterozygous and null mice with liver specific expression of HCV
core protein indicates that persistent PPARa activation is essential for development of severe
hepatic steatosis and its progression into hepatocellular carcinoma. This study argues for a
more complex role of PPARa in HCV-associated pathogenesis [48]. Among the viral proteins,
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HCYV core protein has been shown individually to affect a wide variety of cellular functions
including lipogenesis, steatosis and p-oxidation (Box 1).

Association of HCV virion with lipoproteins

HCV particles circulate in the blood of hepatitis C patients as a heterogenous population of
varying buoyant densities ranging between 1.03 to 1.2 g/ml [49-51]. The low-density particles
are efficient in transmitting infection to chimpanzees and cultured hepatocytes [52,53]. These
infectious particles are rich in triglycerides, apolipoprotein B-100 (apoB), and apolipoprotein
E (apoE), and physiochemically resemble VLDL particles, hence termed lipo-viral particles
(LVPs) [50,53]. Antibodies against human apoB and apoE efficiently precipitated the
infectious low-density HCV particles (LVPs) from patients’ sera suggesting a close interaction
between the HCV virion and VLDL [50]. Similarly, infectious virions derived from in vitro
cultures also display physiochemical properties resembling the LVPs found in patients’ sera
[16,54]. In the in vitro model of HCV infection, immature intracellular virions are less
infectious and denser than the highly infectious secreted virions [54]. These studies indicate
that the infectious virions assembled in the cell presumably acquire the low-density
configuration and their enhanced infectivity stature by associating with host lipoproteins prior
to their secretion into the extracellular milieu (Figure 3). Several criteria, including detergent
resistance of apoB and HCV virion interaction [50], necessity of LVP delipidation for
recognition by HCV anti-core antibodies [53], and localization of HCV-nucleocapsid
structures in the LVPs [51,53], collectively suggest that viral particles and VLDL are integral
components of LVPs (Figure 3).

Virion assembly and secretion: Role of VLDL

Little is known about HCV morphogenesis. However, circumstantial evidence suggests that
HCV virion and VLDL particles share a common route of secretion, and reagents that abrogate
VLDL secretion also block HCV secretion. VLDL is assembled and secreted by hepatocytes.
VLDL contains a central core rich in neutral lipids, triglycerides and cholesterol, surrounded
by a phospholipid monolayer rich in apolipoproteins [55]. VLDL assembly occurs in two steps,
the first step involves the co-translational lipidation of apoB-100 by MTP in the lumen of ER
[56] (Figure 3). Unlipidated apoB-100 is targeted for degradation by the ubiquitin proteasome
machinery [55,56]. This partially lipidated pre-VLDL particle acquires a majority of
triglycerides in the second maturation step, involving the subsequent fusion of pre-VLDL
particle with a large triacylglycerol rich droplet [55]. Although the exact mechanism and
intracellular location (ER, post-ER or Golgi) of this second lipidation event are still unclear,
it appears to be dependent on the GTP binding protein ARF-1 (ADP ribosylation factor-1) and
phospholipase D activities [57]. The ER to Golgi transport of VLDL prior to its eventual
secretion occurs in specialized ER-derived, COP-I1 dependent transport vesicles known as the
VLDL transport vesicle (VTVs) [58].

RNA interference-mediated suppression of apoB-100 [9,15] or apoE [16] inhibits HCV virion
secretion. Similar inhibition of virion secretion was observed by inhibiting MTP activity [9,
15,59]. Targeted inhibition of acyl-CoA synthetase-3 (ACSL3), an enzyme crucial for VLDL
assembly and secretion also blocked HCV virion secretion [60]. The reagents that impair VLDL
assembly also abrogated HCV secretion, although HCV RNA replication was unaffected [9,
15,59,60], suggesting that functional components of VLDL assembly and secretion are
required by HCV for its secretion. Apart from inhibiting virion secretion, disruption in apoB
biosynthesis also resulted in reduced accumulation of intracellular infectious virions,
suggesting that intracellular apoB levels function as a major determinant of HCV virion
morphogenesis [15]. Proteomic analysis of membrane vesicles containing HCV RNP
complexes obtained from HCV-expressing cells revealed an enrichment of VLDL assembly
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components such as MTP, apoB, and apoE in these vesicles, although HCV RNA replication
is independent of VLDL assembly [9].

It is apparent from these observations that apart from aiding virion secretion, VLDL assembly
is also relevant to the HCV maturation process. Colocalization of HCV replication and VLDL
assembly components indicate close proximity between the intracellular regions involved in
viral genome replication and virion assembly [9,61]. The overlap between the VLDL and HCV-
virion assembly and secretion routes is further substantiated by non-proteasomal degradation
of intracellular high-density HCV particles upon failure to associate with VLDL [15]. These
observations indicate that the newly assembled nascent virions probably undergo an additional
maturation step where they acquire the low-density configuration by associating with VLDL
and concomitantly enhance their chances of egress from cell by piggy-backing on the VLDL
secretion system [15]. Recently it was shown that HCV envelope glycoproteins expressed in
HepG2 and apoB secreting Caco-2 cells are efficiently secreted into the extracellular milieu
along with VLDL [62]. Thus, it appears that envelope proteins have an intrinsic capacity to
co-opt the VLDL secretion pathway even in the absence of other HCV proteins. Although not
completely characterized, this inherent feature of envelope proteins to hitch a ride with VLDL
strengthens the notion that HCV virion assembly and secretion processes utilize the VLDL
pathway.

The exact mechanism(s) involved in the association of HCV particles with VVLDL is not clear
and needs to be fully characterized. These two different pathways could merge either in the
ER, in the post-ER compartments, or during their transit via the Golgi (Figure 3). Oxysterol-
binding protein (OSBP) that is functionally involved in ER-to-Golgi ceramide transport has
been recently implicated in HCV maturation/secretion when recruited to the Golgi
compartment [63]. The endo H-sensitivity of HCV replication complex associated apoB [9],
and high density of replication complex associated membranes compared to density of Golgi-
clusters suggest that VLDL components associated with HCV replication complex have not
yet traversed the Golgi secretion pathway [51]. Both isoforms of apolipoprotein B, apoB-100
and apoB-48, have been shown to be associated with L\VPs [64]. ApoB-48 is the truncated
form of ApoB100 and is a predominant protein of lipoprotein particles called chylomicrons,
which are assembled and secreted by intestinal enterocytes [65]. These reports suggest that
enterocytes can secrete LVPs, similar to hepatocytes. The significance of these observations,
however, needs to be further investigated. A recent study demonstrates that the average
diameter of LVPs in a patient’s serum is about 55 nm [51], which is much smaller than a
chylomicron and contradicts the notion supporting the intestinal origin of LVPs.

The reliance of HCV assembly and secretion on the VLDL pathway requires changes in cellular
lipid metabolism to ensure a lipid-rich microenvironment with a reduced rate of VLDL
secretion to enhance the feasibility of co-assembling with VLDL. Reduced MTP activity and
an apparent hypobetalipoproteinemia is observed in chronic hepatitis C patients, and negatively
correlates with hepatic steatosis and viral load especially in genotype 3 infections [66,67]. Cells
harboring sub-genomic replicon RNAs that encode only the HCV NS proteins also display
reduced MTP activity and VLDL secretion [68]. It was recently revealed that HCV core protein
induces redistribution of lipid droplets around the microtubule-organizing center, preceded by
accumulation of core protein on the LD surface [69] (Figure 3). It has been demonstrated that
association between HCV core protein and LDs is necessary for the release of infectious
virions 1. HCV core protein interacts with the lipid droplets through its hydrophobic domain
D2, specifically viaavaline at position 147, which is amajor determinant of enhanced assembly
and release of virions [70,71]. The core protein-mediated redistribution of LDs around the
perinuclear region probably enhances the proximity between sites of HCV RNA replication
and virion assembly [69]. Since the majority of triglycerides incorporated into VLDL particles
are derived from lipid droplets, it is possible that this redistribution of LDs in propinquity to
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the sites of HCV replication enhance the chances of fusion or incorporation of nascent HCV
virion or nucleocapsid into the VLDL. In addition, such an aggregation and redistribution might
negatively influence VLDL assembly by perturbing the availability of LDs, a primary source
of lipids required for VLDL synthesis [69]. Interestingly, a recent report showed that
lipoprotein particles isolated from HCV patient sera differentially modulated lipid synthesis
in human monocyte-derived macrophages in comparison to lipoproteins obtained from normal
subjects [72]. In light of these observations, it is tempting to speculate that HCV infection
influences the biochemical composition of lipoproteins and eventually affects lipid metabolism
[72]. Serum lipid profiles of chronic HCV patients exhibit low levels of total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-
C) compared to uninfected controls [18]. The levels were significantly lower in HCV patients
displaying steatosis compared to those without steatosis [18]. Furthermore, patients infected
with HCV genotype 3a show higher incidence of steatosis and more pronounced reduction in
serum lipids (hypocholesteremia) [18]. These HCV related alterations in lipid profiles are
important for the HCV life cycle and correlate positively with response to anti-HCV treatments,
specifically in genotype 3a infection [2].

Future Directions

Host lipid metabolic pathways and the VLDL pathway facilitate replication, assembly,
secretion and HCV entry. The association of HCV with VLDL may help the virus evade host
immune defense by masking its putative antigenic moieties from immune recognition. Growing
insight into the details of HCV mediated modulations of host lipid metabolism may eventually
unravel uncharacterized facets of lipid/fatty acid biosynthetic pathways, including VLDL
assembly. Elucidating mechanistic details underlying the similitude between viral and host
lipid metabolic pathways will help identify potential host cell factors that are required for HCV
and the infectious processes. In addition, this would also enable the design of potential
multifaceted therapeutic modules to curb HCV infection, reduce serum levels of atherosclerotic
lipoproteins and reduce susceptibility to metabolic syndrome. Thus, therapeutic interventions
targeting host factors involved in lipid metabolism to control HCV infection holds great
promise for the future.

Box 1. HCV Core induced alterations in lipid metabolism

The HCV core protein is a 21kDa basic protein, whose primary function is packaging viral
RNA to produce nucleocapsids. Of the HCV proteins, the core protein has been implicated in
a wide variety of cellular functions. The most pronounced effect of expressing HCV core
protein in transgenic mice is steatosis [73]. Induction of steatosis was more evident by
accumulation of large lipid droplets upon expression of HCV genotype 3 core protein, which
differs from the core protein of other genotypes by having a phenylalanine at position 164
instead of a tyrosine [74,75]. This phenylalanine residue lies in the a-helix that sits between
the ER phospholipid monolayers where lipid droplet biogenesis is presumed to occur. Since
phenylalanine is more hydrophobic than tyrosine, perhaps it can enhance the affinity of core
protein to lipids resulting in increased generation of lipid droplets [70]. The core protein
enhances lipogenesis by triggering activation of transcription factor RxRa. (retinoid X receptor
agr;)and fatty acid synthase (FAS), both crucial for the de novo synthesis of fatty acids. Indeed,
expression of the highly steatogenic HCV genotype 3a core protein maximally triggered FAS
promoter activity compared to other genotypes [76]. HCV core protein from several genotypes
induced proteolytic cleavage of SREBPs [35]. Core protein also activated SREBP1c via LXR
agr;/RXR agr; pathway, with assistance from the nuclear proteasome activator PA28-y. In
PA28-y(~") mice, core expression did not lead to hepatic steatosis, even though it did localize
to the hepatocyte nucleus. Core expression in PA28-y(*/*) mice, however, led to hepatic
steatosis [77]. HCV core expressing HepG2 cells or transgenic mice displayed reduced levels
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of PPAR agr; mRNA [45,78], suggesting that HCV core also alters lipid metabolism by down-
regulating PPARagr;, essential for genes involved in B-oxidation and secretion of fatty acids
[47]. HCV core expressing transgenic mice displayed reduced MTP activity, resulting in
reduced assembly and secretion of VLDL particles [73], and this inhibition was reversed by
hepatic overexpression of ApoAll [73]. In contrast, high levels of ApoAll in chronic HCV
patients were not protective but promoted the development of liver steatosis [79].
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Figure 1. HCV life Cycle

The viral life cycle isillustrated in steps i-vii. (i) HCV enters hepatocytes via putative receptors.
(ii) pH-dependent fusion of the viral envelope and uncoating of genomic RNA occurs in
endosomes, followed by (iii) IRES-mediated translation on the rough endoplasmic reticulum
(ER). HCV proteins and their association in the ER are shown in the inset; next, (iv) assembly
of ribonucleoprotein complexes (RNP) occurs, and (v) these RNP complexes engage in RNA
synthesis to produce (+) polarity viral RNAs. RNA synthesis is believed to occur in the HCV-
induced membranous structures termed ‘membranous web’. (vi) + polarity RNAs are
encapsidated, and (vii) HCV maturation and release ensues. HCV virions traffic through the
Golgi or bypass the Golgi network. The mechanistic details of steps ‘vi and vii’ are not fully
characterized.
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Figure 2. HCV induced alterations in lipid metabolism and steatosis

HCV alters cellular lipid metabolism to create a lipid rich intracellular environment to facilitate
its own multiplication. HCV activates sterol regulatory element binding proteins (SREBPS),
the master regulators of cholesterol/fatty acid biosynthesis. HCV core protein in the presence
of proteasome activator PA28y activates SREBP1c. HCV induces the downregulation of
peroxisome proliferator-activated receptor o (PPAR-a), a transcription factor required for
genes involved in B-oxidation and transport of fatty acids. HCV downregulates very-low-
density lipoprotein (VLDL) particle secretion by inhibiting the activity of microsomal
triglyceride transfer protein (MTP) activity. HCV core protein-induced rearrangement and
aggregation of lipid droplets also interferes with VVLDL assembly. Mitochondrial dysfunction
and generation of reactive oxygen species (ROS) during HCV infection perturbs important
cellular functions like VLDL assembly by promoting peroxidation of important enzymes and
lipids. These events disturb lipid homeostasis leading to the intracellular accumulation of lipid
droplets, which manifests as steatosis, the prominent pathological phenotype associated with
HCYV infection.
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Figure 3. HCV co-opts the VLDL secretion pathway

HCV entry is mediated by putative receptors, but lipo-viral particle (LVP) entry into
hepatocytes may be also mediated by low-density lipoprotein receptors (LDLr) and
glycosoaminoglycans (GAGS). Virus binding and internalization is followed by translation of
the HCV RNA genome. Details of HCV morphogenesis are not fully characterized. The HCV
core protein binds to lipid droplets (LDs), and this interaction is essential for HCV genome
replication and virion assembly (depicted in figure as blue dots bound to LDs). It is also
presumed that HCV co-opts the very-low-density lipoprotein (VLDL) secretory pathway to
facilitate its exit. The first step of VLDL assembly involves the co-translational lipidation of
apoB by microsomal triglyceride transfer protein (MTP) generating a pre-VLDL particle. The
pre-VLDL then matures into VLDL by fusing with large triglyceride rich droplets, presumed
to occur in post-ER compartments or the Golgi. The newly assembled immature HCV virions
probably fuse with the preVVLDL particle prior to or during the second maturation step of VLDL
generating LVPs that are secreted into the extra-cellular milieu via the VLDL route. We
propose three different possibilities of how LVPs are assembled. (i) Pre-VVLDL particles during
their maturation process may incorporate the HCV envelope protein present on the ER
membrane. The lipid droplet tethered to HCV nucleocapsid then fuses with these pre-VLDL
particles carrying HCV envelope proteins, forming LVPs. (ii) Pre-VLDL and immature HCV
virions fuse with each other in post-ER compartments. Lastly, it is possible that (iii) the nascent
VLDL particles and immature HCV virions fuse with each other during their transit through
the Golgi network.
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