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Abstract

Infection with Dengue Virus (DENV) causes the most prevalent arthropod-
borne viral disease worldwide. Since there are no antivirals available, there is 
an urgent medical need to discover novel therapeutic targets, implying a better 
understanding of the cellular and molecular events governing DENV life cycle. 
Following infection, DENV induces a massive remodeling of the cytoplasm 
including the endoplasmic reticulum from which DENV replication factories 
are formed. In addition, DENV alters the morphology of other organelles such 
as mitochondria to hijack their functions and to create a cellular environment 
favorable to viral replication. This review summarizes our current knowledge 
about the cytoplasmic remodeling activities of DENV.
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Abbreviations
CM: Convoluted Membranes; DENV: Dengue Virus; DRP1: 

Dynamin-Related Protein-1; dsRNA : Double-stranded RNA; 
eIF2α: Eukaryotic initiation factor 2 alpha; ER: Endoplasmic 
Reticulum; G3BP: Ras-GAP SH3-domain-Binding Protein; IFN: 
Interferon; IP3R: Inositol Trisphosphate Receptor; GRP75: Glucose-
Regulated Protein 75 Kda; ISG: Interferon Stimulated Genes; LC3: 
Microtubule associated protein 1 Light Chain 3; LD: Lipid Droplets; 
MAM: Mitochondria-Associated Membranes; MDA5: Melanoma 
Differentiation-Associated Gene 5; MFN2: Mitofusin-2; mRNA: 
messenger RNA; PKR : Protein Kinase R; RF : Replication Factories; 
RIG-I: Retinoic Acid-Inducible Gene-I; sfRNA: Sub-flaviviral RNA; 
SG: Stress Granules; Spautin1: Specific And Potent Autophagy 
Inhibitor 1; STING: Stimulator of Interferon Genes; TCA: Tri 
Carboxylic Acid; TIA-1: T-Cell Intracellular Antigen Protein-1; 
TIAR: T-Cell Restricted Intracellular Antigen 1-Related Protein; VB: 
Virus Bags; VDAC-1: Voltage-Dependent Anion Receptor-1; VP: 
Vesicle Packets; vRNA: Viral RNA; WNV: West Nile Virus; YFV: 
Yellow Fever Virus; ZIKV : Zika Virus

Introduction
Infection with Dengue Virus (DENV) causes the most prevalent 

arthropod-borne viral disease worldwide. Humans are infected by the 
bite of female Aedes mosquitoes (Aedes aegypti and Aedes albopictus) 
during their blood meal [1]. Occurring in over 100 countries, the 
prevalence of this emerging disease has increased by 30 fold over 
the last 50 years. It has been estimated that 400 million individuals 
are infected annually [2], among which 25% are reported to develop 
symptoms typical of dengue fever. In some cases, the infection causes 
dengue hemorrhagic fever, dengue shock syndrome and eventually 
death. A prophylactic tetravalent vaccine has been recently developed 
by Sanofi (Dengvaxia®) [3]. However, it provides limited efficacy and 
has been approved only in 6 countries. Importantly, despite current 
efforts, antiviral drugs are still not available. Hence, DENV infection 
represents an important global burden and there is an urgent 
medical need to develop novel therapeutic approaches. This has been 
hampered by the fact that our knowledge about the molecular events 
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governing DENV life cycle remains limited.

DENV is an enveloped positive-strand RNA virus belonging 
to the Flavivirus genus within the Flaviviridae virus family [4]. In 
addition to DENV, flaviviruses comprise over 70 members including 
Yellow Fever Virus (YFV), Zika Virus (ZIKV) and West Nile Virus 
(WNV). Following receptor-mediated endocytosis and envelop 
fusion, the unique DENV RNA species, namely the viral genome 
(vRNA) is uncoated and released into the cytosol to be translated at 
the Endoplasmic Reticulum (ER). The vRNA contains one single open 
reading frame which encodes a viral transmembrane polyprotein. It is 
co- and post-translationally processed by cellular and viral proteases, 
generating 10 mature viral proteins. The nonstructural proteins (NS1, 
NS2A, NS2B, NS3, NS4A, NS4B and NS5) are indispensable for 
vRNA replication. Notably, NS5, through its RNA-dependent RNA 
polymerase and methyltransferase enzymatic activities, replicates 
and caps the vRNA. NS3 with its co-factor NS2B harbors a protease 
activity responsible for the processing of the polyprotein at the 
junctions located on the cytosolic side of the ER. In addition, NS3 also 
contains RNA helicase, NTPase and RNA triphosphatase activities, all 
indispensable for efficient vRNA replication. The structural proteins 
capsid (C), prM and envelop (E) are responsible for assembling and 
enveloping novel viral particles which are immature. During egress 
through the secretory pathway, viral particles undergo maturation 
and become infectious through conformational changes following 
the processing of prM by cellular furin [4-7].

Like most positive strand RNA viruses [6], DENV induces massive 
rearrangements of the ER in the infected cell to create organelle-
like membranous structures generically called Replication Factories 
(RF). These ultrastructures showing remarkable morphologies are 
believed to be required for the DENV life cycle. The viral and cellular 
determinants of DENV RF morphogenesis remain enigmatic. In the 
recent years, numerous studies have revealed that other cytoplasmic 
organelles than ER are also hijacked by DENV. The co-opting of their 
activities by DENV is often associated with noticeable changes in 
their morphologies. This cytoplasmic remodeling by DENV creates a 
cellular environment which is optimal not only for virus replication 
but also for evading antiviral defenses such as innate immunity.
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DENV Replication Factories
Shortly after infection, DENV induces massive ER reorganization 

to generate three typical ultrastructures (Figure 1, left panel) which 
can be readily detected by Transmission Electron Microscopy (TEM).

Vesicle packets
DENV induces invaginations of the ER resulting in the formation 

of multiple vesicles with an average diameter of about 90 nm which 
align within a single plane in mammalian cells [8]. Immunogold 
labeling combined to TEM showed that these ultrastructures, called 
Vesicle Packets (VPs) contains NS1, NS2B3 protease, NS4A, NS4B, 
NS5 polymerase and double-stranded RNA (dsRNA), the replication 
intermediate [8,9]. Hence, VPs are believed to be the site of vRNA 
replication. This spatial segregation would allow concentrating the 
metabolites required for RNA replication such as NTPs but also 
importantly to protect vRNA from degradation by nucleases and 
detection by innate immunity sensors like RIG-I and MDA5. VPs are 
observed in both mammalian and mosquito infected cells implying 
a conserved virus-mediated regulation of VP morphogenesis [8,9]. 
Nevertheless, the viral and cellular determinants controlling VP 
morphogenesis are completely unknown. Transmembrane viral 
proteins NS4A and NS4B might be involved in this process since 
they are absolutely required for RNA replication through unknown 
mechanisms [10-13]. Very interestingly, several small molecules 
DENV inhibitors developed following phenotypic high-throughput 
screening campaigns selected for resistance in NS4B [14-18]. 
This highlights the critical role of NS4B during DENV life cycle. 
Considering that NS4B interacts with NS4A and NS2B-3 protease 
[10,11,13], VP morphogenesis and/or replication complexes might 
be the targets of these antivirals. Three-dimensional reconstruction 
of electron tomograms revealed that 50% of VPs have a homogenous 
10 nm-wide pore connecting the interior of the VPs with the cytosol 
[8]. First, this pore would allow metabolite exchange between the 
replication complexes and the cytosol. Second, neosynthesized vRNA 
would exit VPs through this pore to be translated or encapsidated. 
Very interestingly, VP pore is sometimes juxtaposed to an electron-
dense structure budding into the ER whose size (~60nm) would be 
consistent with the one of a virus being enveloped [8]. This close 
relationship between replication and assembly compartments would 
allow coordinating in time and space steps of DENV life cycle while 
conferring specificity to the RNA packaging process.

Virus bags
In DENV-infected cells, 45 nm-wide electron dense particles 

which resemble viruses accumulate in highly regular arrays within 
enlarged ER cisternae, called Virus Bags (VBs) [8]. Immunogold 
labeling experiments confirmed they are indeed viral particles since 
they contain DENV envelop protein E [8]. Consistently, treatment 
with the capsid inhibitor ST-148 reduced the number of VBs per cell 
[19]. Because of their spiky morphology, these accumulated viruses are 
believed to be immature and hence, non-infectious. This is consistent 
with the fact that furin-mediated virus maturation is believed to occur 
downstream the ER, namely in the trans-Golgi network in which the 
pH is more acidic. It remains unclear whether the transit through VBs 
is absolutely required for the release of infectious particles, implying 
in that case that virus bags contain viruses awaiting to egress. An 
alternative model could be that VBs serve as a quality control to get 

rid of particles wrongly assembled, implying a dead-end pathway for 
virus assembly/release. Further studies are needed to clarify these 
questions.

Convoluted membranes
DENV infection also induces the accumulation of large ER-derived 

membranous areas called Convoluted Membranes (CM) whose exact 
functions are still debated [8]. While NS4A overexpression induces 
CMs in some extent [20], their biogenesis is not understood. Since 
NS3 protease accumulates within CMs [8,21,22], they were initially 
proposed to be the site of polyprotein translation and processing. 
More recently, CM were shown to contain large amounts of NS4B but 
to be devoid of the replication intermediate dsRNA [21], implying 
that they are involved in other processes than vRNA replication. In 
support to this, CMs, in contrast to VPs, were not detected in infected 
mosquito cells by electron microscopy [9] implying that they are not 
absolutely required for vRNA replication. Moreover, this suggests 
that CM morphogenesis requires species- and/or cell type-specific 
cellular factors and that they influence cellular processes that do not 
exist in insects. NS3 was shown to inhibit host factors STING and 
14-3-3epsilon, resulting in the inactivation of MAVS-dependent 
innate immunity (absent in insects) through proteolytic and non-
proteolytic activities, respectively [23-25]. Hence, one attractive 
model could be that some host factors are recruited by DENV into 
CM in which NS3 is enriched and are subsequently inactivated 
within this compartment. Transmission electron microscopy 
analyses suggested that CMs originate at least in part from the ER 
tubules in contact with mitochondria [21]. As explained below, this 
compartment, called Mitochondria-Associated Membranes (MAMs) 
is critical for RIG-I-dependent interferon induction [26]. Hence, the 
alteration of MAMs by CM biogenesis would contribute to DENV-
mediated interference with early innate immune responses. To 
sum up, through the hijacking of antiviral responses, CMs would 
contribute to the establishment of a cellular environment favorable to 
the infection rather than directly to RNA replication.

Autophagosomes
Several studies reported that DENV infection induces autophagy 

in numerous cell lines [27-31] as well as in vivo in infected mice [32] 
(Figure 1, middle panel). Autophagy is a cellular process allowing 
to get rid of damaged organelles or specific proteins. The isolation 
membrane, called the phagophore originates from ER protrusions, 
elongates and selects cargos through interactions with the receptor 
LC3. The phagophore closes on itself to form a double-membrane 
vesicle called autophagosome. The autophagosomes eventually fuse 
with lysosomes to form autolysosomes in which content is degraded 
[33]. Autophagy induction is important for DENV life cycle since 
viral replication is inhibited by the treatment of infected cells with 
autophagy inhibitors 3-methyladenine or by knocking down genes 
important for autophagosome biogenesis such as Beclin-1, ATG4B 
and ATG12 [27]. Very recently, we have demonstrated that while 
DENV stimulates autophagosome biogenesis, their fusion with 
lysosomes is actually inhibited by the virus [29]. This suggests 
that DENV reprograms the autophagy process for the benefit of 
replication. Considering that the morphogenesis of RFs relies on 
the expansion and remodeling of the ER as described above, one can 
speculate that this requires a DENV-dependent modulation of ER 
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turnover by autophagy (called ER-phagy or reticulophagy) [34,35]. In 
addition to replication, virus particle egress and infectivity relies on 
autophagy. Indeed, the use of Spautin-1, a specific inhibitor of beclin1-
Vps34-Atg14 complex activation (required for autophagy induction) 
significantly reduced DENV specific infectivity [28], suggesting that 
autophagy is required for virus maturation. More recently, Wu and 
colleagues demonstrated that DENV particles exploit the autophagy 
pathway as a non-classical secretory pathway to egress out of the 
infected cell and to favor cell-to-cell transmission [36]. DENV-
induced autophagy was demonstrated to target lipid droplets, the 
intracellular storage of neutral lipids such as triglycerides and free 
cholesterol [27]. This results in a decrease of the number and size of 
lipid droplets in infected cells. Very interestingly, a sub-population 
of the structural protein C was shown to localize at the surface of 
lipid droplets [37-39]. Hence, this sub-population of C, which is 
important for particle assembly [37,39,40], might be mobilized 
through autophagy. How DENV induces and regulates autophagy 
remains mostly enigmatic. DENV NS4A overexpression is sufficient 
to induce autophagy [41]. Such strategy seems to be conserved among 
flaviviruses since WNV NS4A also induces autophagy in addition 
to NS4B [42]. More recently, it was shown for ZIKV that these two 
proteins cooperate to stimulate autophagy [43]. Considering that 
DENV CM components NS4A and NS4B physically interact [13] 
and that NS4A induces CM biogenesis in some extent [20], one 
can speculate that both autophagosomes and CM morphogenesis 
might be interdependent and rely on several viral proteins. While 
it seems clear that autophagy impacts on several steps of DENV life 
cycle, further studies are required to clearly establish the underlying 
molecular mechanisms governing this virus/host interplay.

Mitochondria
Very recently, we and others reported that DENV infection 

induces a drastic elongation of mitochondria (Figure 1, right panel) 
[21,44]. This modulation of mitochondria morphodynamics resulted 
at least in part from the downregulation of the mitochondria fission 

factor DRP1 notably at the level of its activation by phosphorylation 
on serine 616 [21, 44]. The inhibition of DRP1 translocation to 
mitochondria perturbs the fusion/fission equilibrium in favor of 
fusion, resulting in an increased elongation of the mitochondria. This 
phenotype was attributed to NS4B whose transient overexpression 
was sufficient to induce mitochondria elongation. Very interestingly, 
elongated mitochondria make contacts with CMs via MAMs 
which are altered in DENV-infected cells. Enforced mitochondria 
elongation favored DENV replication supporting the idea that DENV 
modulates mitochondria morphology for the benefit of its replication. 
In contrast, induction of mitochondria fragmentation reduced 
DENV replication and inhibited CM formation and maintenance 
[21]. This shows that mitochondria elongation is important for CM 
biogenesis. Very importantly, mitochondria elongation alleviates 
RIG-I-dependent innate immune response resulting in a decrease 
of type-I and -III interferon expression. This correlated with a loss 
of RIG-I translocation to MAMs, which have been shown to be 
critical for MAVS-dependent signaling [21]. This is consistent with 
an overall alteration of ER-mitochondria contacts in DENV-infected 
cells. Hence, the functional and physical relationship between DENV 
replication factories, mitochondria and MAMs is important for DENV 
replication and for dampening antiviral responses. This suggests that 
some mitochondrial metabolic activities might be influenced by this 
DENV-dependent morphological change. Notably, it was shown that 
DENV increases the O2 consumption [44] by mitochondria implying 
an enhanced mobilization of the Tri Carboxylic Acid cycle (TCA) 
cycle and ATP production by the mitochondria. In addition, the 
takeover of LDs by the autophagy machinery described above results 
in increased levels of β-oxidation [27]. This process takes place in 
mitochondria and catalyzes the degradation of triglycerides and results 
in ATP synthesis independently of the TCA cycle. While it was shown 
that mitochondrial elongation can stimulate respiration [45-49], 
whether the DENV-induced increases in β-oxidation and respiration 
rely on the modulation of mitochondria morphodynamics remains 
to be determined. It was shown very recently that the mitochondrial 

Figure 1: The remodeling of membranous organelles in DENV-infected cells. Left panel: DENV induces alterations of the ER to generate replications factories. 
They include three typical ultrastructures: Vesicle packets (believed to be the site of vRNA replication), virus bags (in which immature viruses accumulate in regular 
arrays) and convoluted membranes (which might be involved in the modulation of cellular processes and hence, in DENV pathogenesis). Middle panel: DENV 
stimulates the biogenesis of autophagosomes but inhibits their fusion with lysosomes. Right panel: DENV induces the elongation of mitochondria which make 
contacts with convolutes membrane via altered mitochondria-associated membranes.
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VDAC1 is important for DENV replication [50]. VDAC1 is a bona 
fide component of MAM, contributing to tether mitochondria to 
ER through interactions with GRP75 and ER-resident protein IP3R. 
Moreover, this protein is important for the transfer of calcium from 
the ER to mitochondria at the MAM [51,52]. This suggests that 
DENV might influence calcium intracellular homeostasis through the 
alteration of MAMs. Finally, another MAM-resident protein, MFN2 
is cleaved by DENV protease NS2B-NS3 [53]. MFN2 is involved 
in the fusion of mitochondria (leading to elongation) but also in 
the ER-mitochondria tethering. While MFN2 processing seems to 
not negatively impact on DENV-induced mitochondria elongation 
in normal infection conditions [53], it might rather constitute the 
molecular mechanism by which DENV alters MAMs although this 
hypothesis was never tested. To conclude, further studies are needed 
to determine whether DENV influences additional MAM functions 
and/or mitochondrial metabolic activities and how this is linked to 
CM biogenesis and mitochondria morphodynamics.

Peroxisomes
Recently, you and colleagues have demonstrated that the number 

of peroxisomes dramatically decreases in cells infected by DENV or 
WNV [54]. This alteration was recapitulated upon overexpression of 
the viral protein capsid which interacts with cellular peroxin Pex19 
required for peroxisome biogenesis. Notably, Pex19 protein levels 
were significantly decreased following DENV infection accounting 
for peroxisome partial depletion. Very interestingly, Pex19 expression 
knockdown impaired type-III IFN transcription [54] suggesting 
that DENV modulates peroxisome biogenesis to dampen innate 
immunity. Nevertheless, this did not result in an increase in virus 
replication implying that peroxisome components are important for 
DENV life cycle.

Stress Granules
Under stress conditions like oxidative stress, hypoxia, heat shock 

or virus infection, specific ribonucleoparticles assemble into large 
structures called Stress Granules (SG) which contain mRNAs whose 
translation is blocked at the level of initiation [55]. This generally 
correlates with an activation of PKR resulting in the phosphorylation-
mediated inhibition of the translation initiation factor eIF2α. 
Intriguingly, Emara and colleagues have demonstrated that both 
DENV and WNV infections inhibit the formation of SGs in cells 
treated with sodium arsenite (which induces oxidative stress) [56]. 
Moreover, TIA-1 and TIAR, two components of SGs involved in their 
assembly, are relocalized to the replication complexes [56]. Later, 
Ruggieri and colleagues showed that DENV, as compared to other 
viruses such as Newcastle disease and Sendai viruses for instance, 
induces relatively few SGs. In that case, SGs showed a slow assembly/
disassembly frequency [57]. Another study showed that DENV 
co-opts the function of the SG assembly factors G3BP1, G3BP2 
and CAPRIN1 [58]. Notably, these proteins were demonstrated to 
positively regulate the translation of several Interferon-Stimulated 
Genes (ISG) such as PKR and IFITM2. Very interestingly, the DENV 
sub-flaviviral RNA (sfRNA), a non-coding RNA resulting from the 
incomplete 5’-3’ degradation of vRNA by Xrn1 exonuclease, was 
shown to associate with G3BP1, G3BP2 and CAPRIN1 and to inhibit 
their function in ISG translation. Consistently, G3BP1, G3BP2 and 
CAPRIN1 combined knockdown increased DENV replication and 

resistance to IFN treatment while impairing ISG production [58]. 
Altogether, these studies support the idea that DENV developed 
strategies to hijack SG components and dampen the stress associated 
to infection, hence hampering the establishment of an antiviral 
cellular environment.

Conclusion
As an obligate intracellular parasite, dengue virus has evolved 

to establish within the cells a cytoplasmic environment optimal for 
vRNA replication while antiviral responses are shut-off. The precise 
molecular mechanisms governing these remarkable remodeling 
activities remain mostly enigmatic. Theoretically, specific interactions 
between host factors and viral proteins critical for DENV life cycle 
could be targeted by small molecule inhibitors. Since the cellular 
proteins are not subjected to NS5-driven adaptation and resistance 
acquisition, the antiviral activity of such compounds is expected to 
be associated with a high barrier-to-resistance. If these DENV co-
opting activities are conserved among flaviviruses, anti-DENV drugs 
might actually constitute pan-flaviviral inhibitors. Given the recent 
outbreak of ZIKV in the Americas and the continuously growing 
burden of dengue worldwide, a considerable effort is being made to 
push Flavivirus research forward. Hence, one can be optimistic that 
antivirals and more efficient vaccines will be widely available in a 
close future to prevent these emerging diseases.
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