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Dengue virus (DENV) and hepatitis C virus (HCV), members of the family Flaviviridae, are global human health concerns. As
positive-strand RNA viruses, they each replicate in the cytoplasm of infected cells and induce distinct membranous replication
compartments where most, if not all, steps of the viral life cycle occur. This Gem briefly reviews the most recent insights into the
architecture and functional properties of membranous replication and assembly sites induced by DENV and HCV.

Flaviviridae constitute a large virus family to which medically
highly relevant human pathogens belong. Among those, hepatitis

C virus (HCV), genus Hepacivirus, has infected around 170 million
individuals worldwide and is a major cause of liver diseases, while
dengue virus (DENV), genus Flavivirus, causes the most prevalent
arthropod-borne viral disease, with an estimated �100 million
symptomatic human infections per year. While direct-acting antivi-
rals for treatment of HCV infections have recently been approved, it is
expected that only a small proportion of infected individuals world-
wide will benefit from this treatment. In case of DENV infection,
neither selective therapy nor prophylactic vaccines exist. Thus, there
are unmet medical needs for the development of novel treatment
modalities and preventive strategies (1, 2).

While HCV and DENV belong to the same family and thus
share many features of their life cycles, the molecular strategies
underlying RNA replication and virus production differ substan-
tially. Upon entry of HCV and DENV into the cell, the positive-
strand RNA genome is delivered into the cytoplasm and used for
RNA translation. The resulting polyprotein is cleaved by cellular
and viral proteases, thus releasing several structural and nonstruc-
tural proteins (1, 2). Like all other positive-strand RNA viruses,
HCV and DENV induce massive rearrangements of intracellular
membranes to create in the cytoplasm a replication-favorable
membranous microenvironment that we generically call “replica-
tion factories” or, in the case of HCV, “membranous web.” Anal-
yses with electron tomography and three-dimensional (3D) recon-
structions of remodeled membranes in HCV- and DENV-infected
cells revealed endoplasmic reticulum (ER)-derived organelle-like
structures whose morphologies differ strikingly (3, 4). These mem-
branous structures are thought to serve several purposes: first, to
coordinate the different steps of the viral life cycle by spatial seg-
regation of replicating RNA from ribosomes and assembling cap-
sids; second, to increase the local concentration of components
required for efficient replication and assembly by reducing the
diffusion space; third, to protect viral RNA against cellular nu-
cleases and innate immunity-triggering pattern recognition re-
ceptors. Here, we will briefly summarize our current understand-
ing of the HCV and DENV replication factories, focusing on their
architecture and functional properties.

DENV-/HCV-INDUCED REPLICATION COMPARTMENTS

In DENV-infected cells, several membrane alterations can be ob-
served (4) (Fig. 1A). First, there are invaginations of the ER mem-
brane forming �90-nm-wide vesicles, which pack in-plane within

ER sheets. These structures, termed vesicle packets (VPs), form a
continuous membranous network in the ER and contain the viral
RNA polymerase, nonstructural proteins 2B (NS2B), NS3, NS4A,
and NS4B, and double-stranded RNA (dsRNA), the presumed
replication intermediate, strongly suggesting that VPs are the site
of RNA replication. In support of this model, an opening toward
the cytosol could be observed in �50% of the vesicles. This 10-nm
“pore” would allow metabolites (e.g., nucleoside triphosphates
[NTPs]) to access replication complexes and newly synthesized
viral RNA to exit VPs to be used for translation or virus particle
assembly (see below). Second, in addition to VPs, large areas of
convoluted membranes (CMs) were described and hypothesized
to be the site of DENV RNA translation and polyprotein process-
ing, because only the NS2B-3 viral protease complex, and no other
DENV protein, was detected within these structures. Moreover,
CMs are connected to the VP-containing ER network and, hence,
might also constitute a “pool” of membranes required for de novo
formation of replication factories. Nevertheless, CMs were unde-
tectable in DENV-infected mosquito cells by electron microscopy
(EM) (5), raising questions about their functional relevance or
specific roles in the viral life cycle.

Very little is known about the molecular mechanisms govern-
ing the formation of VPs and CMs. The sole expression of mature
DENV NS4A was shown to induce membrane alterations remi-
niscent of CMs (6). Furthermore, this process appeared to depend
on NS2B-3 protease-dependent maturation of NS4A, since no
membrane alterations were observed for cells expressing the im-
mature NS4A-2k precursor. This is consistent with the observa-
tion that the DENV protease partly localizes within CMs in in-
fected cells. However, whether these NS4A-induced structures, or
other DENV proteins crucial for RNA replication, are required for
VP and CM formation remains to be elucidated; to our knowl-
edge, DENV mutations specifically abrogating their biogenesis
have not been described so far.

The architecture of HCV-induced membrane alterations dif-
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fers strikingly from that of DENV VPs (Fig. 1B). The predominant
membrane species in the case of HCV are double-membrane ves-
icles (DMVs), exhibiting an average diameter of �150 nm and
accumulating in parallel to the peak of RNA replication (3, 7). At
later time points of infection, double-membrane tubules and mul-
timembrane vesicles appear, the latter presumably reflecting a
stress-induced host cell response. By using electron tomography
and 3D reconstructions, we found that with �50% of DMVs the
outer membrane is connected to the ER membrane via a neck-like
structure, arguing that DMVs are protrusions of the ER toward
the cytoplasm (3). This topology strikingly contrasts with the in-
vaginations observed for DENV VPs. A biochemical and morpho-
logical characterization of purified HCV DMVs demonstrated
that these structures contain active viral replicase, suggesting that
DMVs are bona fide replication sites (8). Reminiscent of DENV
VPs, an opening toward the cytosol was found with �10% of
DMVs (3). Whether this opening corresponds to “immature”
DMVs, prior to complete closure of the membranes, or represents
a distinct structure remains to be elucidated. Moreover, it remains
also unclear whether RNA replication takes place within DMVs or
on their outer surface.

For a long time, HCV NS4B, an integral membrane protein,
was considered the main inducer of the membranous web since its
sole expression can induce massive membrane rearrangements

(9). Consistently, we found that mutations in NS4B inhibiting
self-interaction affect DMV morphology and abrogate HCV RNA
replication (10). Thus, via oligomerization, NS4B might contrib-
ute to DMV biogenesis by inducing ER membrane curvature.
However, by using a replication-independent polyprotein expres-
sion approach, we found that NS5A was the only protein capable
of inducing DMVs, while only single-membrane vesicles were ob-
served in NS3/4A-, NS4B-, and NS5B-expressing cells (3, 11).
Since none of the HCV proteins expressed on its own was capable
of inducing a membranous web, these results suggest that web
formation most likely requires a concerted action of the replicase
proteins. In addition, several host cell factors are involved in this
membrane remodeling. Notably, we have recently shown that de
novo formation of DMVs was blocked by pharmacological inhibi-
tion of cyclophilin A (CypA), an NS5A interaction partner that is
critical for RNA replication (reference 12 and references therein).
This HCV cofactor might influence DMV biogenesis by inducing
conformational changes in NS5A through its peptidyl-prolyl cis-
trans isomerase activity. Interestingly, CypA inhibitors, such as
alisporivir and NIM-811, show antiviral activity in HCV-infected
patients and are currently being tested in phase II and III clinical
trials. NS5A also associates with phosphatidyl-inositol-4-kinase-
III� (PI4KIII�) and induces the accumulation of PI4P within the
membranous web. Knockdown of PI4KIII� expression or NS5A

FIG 1 DENV and HCV replication factories and associated membranes. (A) Schematic representation of DENV-induced endoplasmic reticulum (ER)-derived
vesicle packets (VP) and convoluted membranes (CM). Corresponding transmission EM pictures (for VP and CM) and a 3D reconstruction from electron
tomography (for VP) are also shown. The identified pore of each vesicle might act as an exit site for neosynthesized viral RNA. Note that DENV RNA replication
on the cytosolic side of VPs is not excluded. (B) Schematic representation of HCV-induced membrane rearrangements. Note that the appearance of double-
membrane vesicles (DMVs) coincides with the peak of RNA replication. At later time points after infection, multimembrane vesicles (MMV) as well as
double-membrane tubes (not shown) are also observed, but their involvement in RNA replication remains to be determined. An opening toward the cytoplasm
is observed in �10% of DMVs and might allow exit of viral RNA. Although enzymatically active HCV replicase is physically associated with DMVs, it is not
known if RNA amplification occurs within DMVs and/or on their cytosolic side. Some of the insets are reprinted from reference 4 with permission from the
publisher and from PLoS Pathogens (3).
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mutations abrogating this interaction cause size reduction and
aggregation of DMVs, strongly correlating with serious defects in
RNA replication (reference 13 and references therein).

Immuno-gold labeling of purified DMVs revealed a drastic
enrichment of cholesterol in these membranes compared to that
in the isolated ER (8). DMVs depleted for cholesterol showed
reduced size, highlighting the role of this lipid species in DMV
morphology. The accumulation of cholesterol, and eventually
other lipid species, might be mediated by the interplay between
coopted cellular lipid-binding proteins, as recently described for
PI4KIII� and oxysterol-binding protein (14). These observations
demonstrate that the membranous web is a highly specialized
compartment.

DENV AND HCV ASSEMBLY COMPARTMENTS

Assembly of infectious virus particles is a complex process requir-
ing genome packaging into nucleocapsids and their subsequent
envelopment. Although both viruses appear to use the conven-
tional secretory pathway for particle release, the ways infectious
virions are formed differ substantially. In case of DENV, putative
virus budding sites at the ER in close proximity to VPs and VP
pores have been found (Fig. 2A) (4). These results suggest that

replicated DENV genomes released through the vesicle pore
might be used directly for packaging into nucleocapsids that bud
through the ER membrane in close vicinity. This close spatial re-
lationship of replication and assembly sites might contribute to
selectivity of DENV RNA encapsidation. It is also possible that at
early time points after infection, when amounts of structural pro-
teins are low, released viral RNA might be used preferentially for
translation, but as the replication cycle progresses, capsid protein
accumulates and sequesters viral RNA. This might shift the bal-
ance from RNA translation to genome encapsidation, implying a
temporal regulation of the different steps of the DENV life cycle.

The vast majority of budded DENV particles accumulate in
regular arrays within dilated ER-derived cisternae, often con-
nected to the VP-containing ER network (Fig. 2A). These densely
packed virion stacks contained an electron-dense material and
exhibited an envelope displaying a spike-like surface reminiscent
of immature particles. This observation suggests that intracellular
transport of assembled virions might be rate-limiting. Alterna-
tively, these particles might be defective and retained within the
cell. Importantly, a subset of single virions was found in distal
portions of the ER or in vesicles of the Golgi apparatus, suggesting
that these particles are trafficking through the secretory pathway

FIG 2 DENV and HCV assembly sites. (A) Schematic model of DENV assembly. Three populations of virions are observed in the EM: first, budding viruses next
to the pores of VPs (electron densities of detected structures presumably correspond to RNA); second, virus stacks within the lumen of the VP-containing ER
network; third, viruses in Golgi-related vesicles. Note that virus budding might also occur in other areas of the ER and remote from VPs. Transmission EM images
and 3D reconstructions of an electron tomogram are shown above the schematic. (B) Schematic model of HCV assembly. The majority of core protein is located
on the surface of cytoplasmic lipid droplets (cLD), where a fraction of NS5A also resides. NS2 is thought to orchestrate the assembly process by recruiting on one
hand p7, along with the two envelope glycoproteins, and on the other hand NS3 (not shown), eventually along with NS5A or the complete viral replicase (NS3
to NS5B). P7 is important for the envelopment of assembled capsids containing the HCV RNA genome. Assembly also involves components of the LDL synthesis
machinery, including luminal lipid droplets (luLD) and apolipoproteins, most notably ApoE (not shown). Some of the insets are reprinted from reference 4 with
permission from the publisher and from Nature Cell Biology (15).
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to be released from the cell. It will be important to address the
nature of the virion stacks and to identify the molecular switch(es)
triggering their egress.

Unlike DENV, no intracellular reservoir of assembled HCV
can be visualized by EM, and assembling, budding, or egressing
virions are difficult to detect, suggesting that these processes are
either rare or rapid. Nevertheless, biochemical and genetic ap-
proaches provided important insights into HCV particle assembly
and release (Fig. 2B). The vast majority of the core protein is
located on the surface of cytoplasmic lipid droplets (cLDs), which
are responsible for neutral lipid storage and were found to be
critical organelles for HCV assembly (15, 16). cLDs are tightly
associated with the ER membrane within the membranous web,
implying an HCV-induced microenvironment favorable for as-
sembly. Save for NS5A that has an intrinsic LD targeting sequence,
the core recruits other viral proteins as well as host cell factors
involved in regulation of infectious particle production to the pe-
riphery of cLDs (17). Assembly of infectious HCV particles ap-
pears to be orchestrated by NS2 that interacts on one hand with p7
and the envelope glycoproteins (E1 and E2) and on the other hand
with NS3, which is part of the viral replicase (18). Thus, NS2 might
link the RNA-containing replicase with the machinery required
for envelopment of HCV particles. In addition, p7 seems to be
involved in capsid envelopment and protect virus particles against
acidic pH during passage through the secretory pathway.

Ultrastructural studies revealed that in HCV-expressing cells,
�30% of cLDs were closely juxtaposed to ER cisternae on which
core- and E2-containing budding structures, reminiscent of virus
particles, could be visualized (15). This suggests that HCV assem-
bly occurs in this subcompartment of the membranous web. The
close proximity of core-containing cLDs, DMVs, and E1/E2-con-
taining ER membranes might facilitate coordination of replica-
tion and assembly. Finally, HCV assembly also relies on host cell
machineries, such as components of the low-density lipoprotein
pathway (19). This is consistent with the nature of HCV particles
circulating in the blood as a lipoviroparticle (20).

The advent of RNA interference-mediated gene silencing and
high-throughput screening approaches paved the way for the identi-
fication of numerous host dependency factors required for DENV
and HCV life cycles. While these studies increased our knowledge
about host cell pathways and machineries hijacked by these viruses,
with a few exceptions, very little has been elucidated about which host
factors are involved in de novo formation and/or maintenance of vi-
rus-induced replication factories. In this respect, proteomic and lip-
idomic analyses of highly purified replication factories will definitely
contribute to answer this question. Moreover, compounds targeting
the very first steps of virus-specific vesicle formation are expected to
disrupt their biogenesis and, thus, to abrogate RNA replication. The
proof of concept made with CypA inhibitors (see above) illustrates
the idea that the biogenesis of replication factories induced by HCV,
DENV, and more generally, positive-strand RNA viruses, represents
a very attractive target for the development of highly potent broad-
spectrum antiviral drugs.
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