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Review Article
Significance of Autophagy in Dengue Virus Infection: A Brief Review
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Abstract. Dengue virus (DENV) causes asymptomatic to severe life-threatening infections and affects millions of
people worldwide. Autophagy, a cellular degradative pathway, has both proviral and antiviral functions. Dengue virus
triggers the autophagy pathway for the successful replication of its genome. However, the exactmechanism and the viral
factors involved in activating this pathway remain unclear. This review summarizes the existing knowledge on the
mechanism of autophagy induction and its significance during DENV infection.

DENGUE VIRUS

Dengue virus (DENV) is an RNA virus with lipid bilayer
envelope embedded with virally encoded proteins. Inside
the envelope is a capsid shell that contains the positive
RNA genome. The size of the genome is around 11 kb that
codes three structural (E, prM, and capsid) and seven
nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) proteins.1 Biting of Aedes mosquitoes, mainly Aedes
aegypti, transmits this virus to human and causes dengue.
Dengue affects millions of people worldwide and is con-
fined to hotter climates where the mosquito that transmits
disease thrives.2,3 There are four dengue serotypes, that is,
DENV-1, DENV-2, DENV-3, and DENV-4. The infection with
any of the serotypes may be asymptomatic in majority of
cases.4,5 However, in symptomatic cases, symptoms
range from amild flu-like syndrome known as dengue fever
to most severe form dengue hemorrhagic fever (DHF). The
latter is characterized by coagulopathy and increased
vascular fragility and permeability, which may further
progress to hypovolemic shock known as dengue shock
syndrome (DSS).6,7 The antibodies generated after primary
DENV infection provide lifelong immunity against the
infecting serotypes. Rather than providing protection,
these primary antibodies facilitate entry of the virus during
secondary infection with different serotypes, leading to
increased infectivity in the cells known as antibody-
dependent enhancement (ADE).8,9 These cross-reactive
antibodies are able to bind to Fc receptors present on the
cell surface (monocytes, macrophages, mast cells, and
basophils), and the Fc receptor-mediated endocytosis
is faster and more efficient than the normal entry. Once
inside the cell, the virus multiplies undetected, generating
very high viral load, which causes serious diseases. Al-
though the risk for DHF is higher during a secondary in-
fection than during a primary infection, most cases with
a secondary infection are either asymptomatic or symp-
tomatic febrile illness. Only a minority of secondary infec-
tions develop DHF.9,10

AUTOPHAGY PATHWAY

Autophagy is a regulatedcellular destructivepathway that is
induced when the cell is under stress conditions such as
hypoxia, nutrient depletion, and infection.11,12 During auto-
phagy process, degradation of the substrates such as pro-
teins, lipid droplets (LDs), and organelles occurs within the
lysosome. This degradation is accountable for cellular waste
clearance and recycling of the nutrients, which play a signifi-
cant role in maintaining the cellular homeostasis process.12 In
addition, autophagy plays an important role as a part of the
innate and adaptive immune response in opposition to several
bacterial and viral infections.11,13 This pathway has proviral
and antiviral functions, depending on the type of infected vi-
rus. Viruses can either induce or inhibit the autophagy at initial
or late stages of the pathway for their own benefit. Dengue
virus and hepatitis C virus (HCV), hepatitis B virus (HBV), and
varicella-zoster virus are the inducers, whereas HIV-1, herpes
simplex virus-1, and poliovirus are the inhibitors at some
stages of the pathway.14,15 Mostly, viruses activate auto-
phagyduring internalization via contactwith surface receptors
or by creating cellular stresses.15

The general process of autophagy begins at the endo-
plasmic reticulum (ER) or trans-Golgi, with the formation of
the budding membrane called pre-autophagosome or
phagophore (initiation phase) through the involvement of
proteins such as ULK1/2 (Unc-51–like autophagy-activating
kinase) and Atg13 (autophagy protein).16 In the second
step, the nucleation, ULK1 activates another protein called
Beclin-1. The activated Beclin-1 forms the complex with
other proteins called Vps15 and Vps34. This complex func-
tions as a class III phosphoinositide 3-kinase (PI3K) to
convert phosphatidylinositol diphosphate (PIP2) into phos-
phatidylinositol triphosphate (PIP3). In the third step, with
the involvement of the various Atg proteins (Atg5, Atg12,
Atg16, Atg4, Atg7, and Atg3), further elongation and lip-
idation of membrane—conversion of LC3-I (microtubule-
associated protein light chain 3-I) to LC3-II—and recruitment
of the cargo-binding proteins such as p62 and neighbor of
BRCA1 gene (NBR1) occur.12,17 During the expansion stage,
the phagophore engulfs intracellular-cargo-like organelles,
LDs, and protein aggregates, thereby secluding the cargo
in a double-membraned mature autophagosome.18,17

Finally, the mature autophagosome fuses and discharges
its contents with the lysosome to form autolysosome.
The degradation of the substrates occurs inside the acidic
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environment of the autolysosomewith the involvement of the
enzymes such as cathepsins B and L17 (Figure 1).
The autophagy process is regulated by different signaling

pathways. One of them is the adenosine monophosphate–
activated protein kinase (AMPK), a major controller of cellular
energy homeostasis. This pathway is stimulated when the cell
is deprived of energy. Adenosine monophosphate–activated
protein kinase activation positively regulates the signaling
events such as fatty acid oxidation and autophagy that refills
the cellular adenosine triphosphate (ATP) and negatively
regulates the energy-consuming biosynthetic processes.19

This kinase phosphorylates the ULK1/2 protein when the cell
is deprived of energy to activate the autophagy process.20

Similarly, another signaling pathway called mammalian/
mechanistic target of rapamycin (mTOR) is a central regula-
tor of cell growth, proliferation and survival, protein synthesis,
and autophagy process.21 Mammalian/mechanistic target of
rapamycin functions by forming two different signaling com-
plexes, that is, mTORC1 and mTORC2. The major function
of the mTORC1 is to stimulate the cellular anabolic pathways
such as protein, lipid, and nucleotide biosynthesis which
are responsible for cell growth and proliferation. However, it
inhibits the catabolic pathways such as lysosome biogenesis
and autophagy. Nutrient and growth factor deprivation blocks

the activity of the mTORC1.21,22 Blocking of the mTORC1
function results in increased ULK1/2 kinase activity which ulti-
mately activates the autophagy pathwaywith the involvement of
other autophagy (Atg) proteins.12,22 The detail process of auto-
phagy activation and its regulation is reviewed elsewhere.23,24

DENGUE VIRUS AND AUTOPHAGY

Dengue virus infection has been shown to trigger the
autophagy pathway. Inhibition of autophagy results in sub-
stantial drop in virus replication and the release of progeny
virus from DENV-infected cells.25–29 The role of autophagy in
DENV infection appears to be cell-type specific; it is non-
productive in monocytes30 but productive in Huh-7 cells.29

Dengue virus modulates host cell lipid metabolism to generate
energy for its efficient replication.25 The mechanism and sig-
nificance of the DENV-induced autophagy pathway are dis-
cussed in the following paragraph. The summary of the studies
related to DENV-induced autophagy is mentioned in Table 1.
Mechanism and significance of DENV-induced

autophagy. A diagram summarizing possible pathways
of DENV-induced autophagy based on the information pro-
vided in the reviewed articles is shown in Figure 2. Three sig-
naling pathways—AMPK, ER stress, and ataxia telangiectasia

FIGURE 1. Basal autophagy process showing different steps (Initiation, nucleation, elongation, maturation, and fusion). Atg = autophagy protein;
Beclin-1 = mammalian ortholog of the yeast autophagy-related gene 6 (Atg6) and BEC-1 in the Caenorhabditis elegans nematode; ER = endo-
plasmic reticulum; Fip200 = focal adhesion kinase family interacting protein, a ULK interacting protein; LC3 =microtubule-associated protein light
chain 3, marker of autophagy; NBR1 = neighbor of BRCA1 gene 1, cargo receptor protein; PE = phosphatidylethanolamine; PIP2 = phosphati-
dylinositol diphosphate; PIP3 = phosphatidylinositol triphosphate; p62 = a cargo receptor protein; Rab7 = Ras-related protein; SNAP25 = syn-
aptosomal nerve–associated protein 25, a SNARE protein that mediates membrane fusion; ULK1/2 = Unc-51–like autophagy-activating kinase;
VAMP = vesicle-associated membrane protein; VPS34 = phosphatidylinositol-3-kinase. This figure appears in color at www.ajtmh.org.
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mutated (ATM) kinase—are associated with autophagy acti-
vation by DENV.
Dengue virus targets the ER and creates stress in the ER.31

The accumulation of the unfolded proteins in the ER during
viral life cycle induces three hosts unfolded protein response
(UPR) pathways, that is, inositol-requiring protein-1α (IRE1α),
ER stress pathway (PERK), and activating transcription factor-
6 (ATF6). The first two signaling events, that is, IRE1α with
the involvement of c-Jun-N-terminal kinase and PERK with
the involvement of eukaryotic initiation factor 2α, are the ulti-
mate activators of the autophagy pathway, whereas ATF6 has
no any significance on autophagy induction.32,33 In addition,
the IRE1α catalyzes the splicing of mRNA that codes for a
transcription factor called x-box binding protein (XBP-1)—a
part of the ER stress response. The expression of XBP1 pro-
tein was found to elicit the autophagic activity in endothelial
cells through transcriptional regulation of BECN-1 (a gene that
encodes Beclin-1 protein). Knockdown of the XBP1 or IRE1α
or BECN1 declines the LC3 expression and autophagosome
formation.34 X-box binding protein1 was also found to
play a role in the regulation of the immune response com-
prising CD8+ T-cell differentiation and many inflammatory
processes.35,36 However, IRE1α–XBP1 signaling pathway has

no impact on DENV-induced autophagy, but might be in-
volved in the production of the cytokines IL-8 and TNF-α.33

The ATM kinase, a serine/threonine protein kinase signaling
pathway, is a major regulator of DNA damage and oxidative
stress response in eukaryotic cells.37 Knockdown of the ATM
is associatedwith an elevated level of reactive oxygen species
(ROS) and reactive nitrogen species. In response to elevated
ROS, ATM stimulates the tumor suppressor tuberous sclero-
sis to suppress mTORC1 activity via the involvement of liver
kinase B1/AMPK and induces autophagy.38,39 During DENV
infection, the ATM activity is increased particularly in early
stages. The increased activity of the ATM is reported to be
interrelated with autophagy and ER stress signaling.32 More-
over, the activated ATM kinase stimulates the PERK pathway,
which has a major role in the DENV-mediated autophagy in-
duction. The ROS generated via the PERK pathway promotes
autophagy at the late stage of the infection cycle.32

Apart from ATM and ER stress signaling pathways, DENV
also activates the metabolic regulator AMPK to modulate
the host lipid metabolism. The replication and production of
infectious virions were considerably reduced in liver cells
transfected with AMPKα1 siRNA.40 The activated AMPK
blocks the activity of the mTORC1, thereby activating

FIGURE 2. Possible activation pathways and significance of autophagy. Dengue virus activates the autophagy pathway via AMPK, ATM, and ER
stress pathway. NS4A and NS1 are the two nonstructural proteins involved in autophagy activation. The virus modulates the host cell lipid
metabolism to derive the energy for replication and other processes. ADE = antibody-dependent enhancement; AMPK = adenosine
monophosphate–activated protein kinase; ATF = activating transcription factor; ATM = ataxia telangiectasia mutated; ATP = adenosine tri-
phosphate; DENV = dengue virus; eIF2α = eukaryotic initiation factor 2α; IRE1α = inositol-requiring protein-1α; JNK = c-Jun-N-terminal kinase;
mTOR = mammalian target of rapamycin; PERK = protein kinase–like endoplasmic reticulum kinase; ROS = reactive oxygen species; UPR =
unfolded protein response. This figure appears in color at www.ajtmh.org.
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autophagy to be more accurate lipophagy by which the virus
modulates the metabolic state of the infected cell. Silencing
of the AMPK hindered the mobilization and depletion of
LDs in cells infected with DENV. The virus enhances the
breakdown of LDs, particularly triglycerides, in an autophagy-
dependent manner to generate the ATP for efficient replica-
tion.40 On the other hand, besides altering the cellular
metabolism, this selective autophagy directed toward LDs
(lipophagy) may play some role in the secondary function of
immune evasion. Targeting of autophagosomes to LDs can
also switch autophagosomes from treating viral antigens
for antigen presentation as an immune evasion approach.
Moreover, the activated AMPK can promote autophagy in an
mTOR-independent manner by directly phosphorylating
ULK1/2 and phosphatidylinositol-3-kinase (VPS34-Beclin
complex).41 However, the significance of this pathway in
DENV has not been reported so far.
In another way, DENV interferes with the function of the

cargo receptor that binds ubiquitin-tagged cargo and pro-
ceeds for the proteasomal degradation.42 One of the
cargo receptors’ (p62, also known as SQSTM1) level is found
to be reduced after the DENV infection. Stable overexpression
of this protein suppresses the replication of DENV. This evi-
dence suggests that p62 acts as a viral restriction factor,
but later on, DENV mediates the proteasomal degradation
of p62 for its own benefit. Therefore, during infection pro-
cess, the virus initially stimulates and impedes general and
selective autophagy, hindering autophagosome formation
and degradation by lysosomes, and reducing autophagic re-
ceptor p62.43

DENV proteins’ role in autophagy. Regarding the role of
theDENVproteins, only twononstructural proteins associated
with autophagy pathways, that is, NS4A and NS1, were re-
ported. During DENV infection, a pro-inflammatory cytokine
called macrophage migration inhibitory factor (MIF) is se-
creted from different cells, such as liver cells, immune cells,
andendothelial cells. It hasbeen reported thatMIF contributes
to the pathogenesis of shock through autophagic degradation
of the vascular endothelial cells, thereby causing vascular
leakage.44,45 In addition, DENV NS1 protein is released and
circulates in the bloodstream of the infected patient. The level
of the NS1 protein triggers the endothelial permeability and
has direct correlation with the severity of the disease.46 NS1
protein after interacting with Toll-like receptor 4 induces the
vascular endothelial damage by stimulating the production of
MIF and other inflammatory cytokines.47,48 Therefore, this
NS1-mediated MIF production and autophagy might con-
tribute to the pathogenesis of vascular leakage, and hence
increase the severity of the dengue infection. Moreover, NS1
also brings about the conversion of LC3-I to LC3-II and deg-
radation of p62, the markers for autophagy induction, in the
endothelial cell line.49 Similarly, the DENV-2 NS4A has been
shown to upregulate cellular autophagy in a PI3K-dependent
manner in infected epithelial cells and consequently protects
these cells from camptothecin- and staurosporine- induced
apoptotic cell death. Inhibition of the autophagy on such cells
restricts the replication of the virus. NS4A-mediated auto-
phagy is, therefore, a key factor for the replication of viral
genome.50

Autophagy and DENV-ADE. During the autophagy, it has
beenshown that the infectious autophagy-associateddengue
vesicles are released from the infected cells.51 These vesicles

consist of viral proteins, namely, E, NS1, prM/M, viral RNA,
LDs, and LC3-II, themarkers of autophagy. These autophagy-
associated infectious vesicles are also identified in the serum
of patients infected with DENV. Neutralizing antibodies do not
produce any effect on vesicle-enclosed viral proteins, and
thus, these vesicles mediate close contact transmission in
nearby cells to begin the new round of infection.27 It has been
reported that both DENV and DENV-ADE infections induce
early expression of interferon-stimulated genes in the in-
terferon (IFN)-deficient monocytic cell line K562 by—retinoic
acid–inducible gene I–like receptor—mitochondrial antiviral
signaling axis independent of IFN signaling. In addition,
DENV-ADE defeats this early antiviral response by increasing
autophagy formation rather than by inducing IL-10 pro-
duction.52 However, mast cells and basophils are also the Fc
receptors bearing cells. The sub-neutralizing antibodies
generated after primary infection bind on these cells and
trigger the autophagy pathway, which plays an important role
inDENV infection and replication in these cells.53 So the role of
the autophagy during DENV-ADE infection is complex and
needs further investigation.

AUTOPHAGY: A PROMISING THERAPEUTIC TARGET FOR
DENV INFECTION

Autophagy is a cellular homeostatic pathway for the de-
struction and salvaging of the unnecessary cytoplasmic
contents. Several viruses along with DENV, poliovirus, cox-
sackievirus, andHCV result in and require themachinery of the
autophagy pathway for robust replication. Dengue virus–
induced autophagy has the crucial role in viral RNA replica-
tion, maturation of viral particles, and pathogenesis of the
disease.51,54 The UPR-related signaling pathways were re-
sponsible for autophagy induction.33 Similar to DENV, HCV
and HBV also create an ER stress, and the UPR has been
suggested to lead the autophagy induction.55,56 The auto-
phagy proteins Atg5, Atg12, and Beclin-1 are the major pro-
viral factors that are required to initiate the replication and
translation of HCV RNA. Interference with the autophagy
pathway repressed the replication and production of HCV
in infected cells.57,58 Dengue virus induces autophagy at an early
stage of infection to support RNA replication, but later on, it in-
terfereswith the lysosomal targetingof theautophagic vesicles to
assist the production of infectious virus particles.43 The cleavage
of theviral proteinprM intopr andMbycellular furin is required for
the viral maturation.59 Inhibition of the autophagy directly affects
the assembly process by reducing the release of pr peptide,
thereby producing noninfectious and heat-sensitive virus parti-
cles.51 Regulation of the autophagy in mice infected with DENV
has been shown to affect physiopathological parameters, in-
cluding disease symptoms, survival rate, and viral titer.54

The central metabolic regulator, AMPK, has different inter-
actions depending on the species of the virus.60 In the viruses
such as Rift valley fever virus and West Nile virus, the AMPKs
are activated during infection and inhibit the replication of the
virus by controlling the fatty acid synthesis through inactiva-
tion of acetyl-CoA carboxylase.61 Hepatitis C virus, a close
member of theDENV, evades the antiviral activity of theAMPK
by restricting its activation. Renovation of the AMPK not only
inhibits the replication of the virus but also decreases the
aggregation of lipid molecules in virus-infected cells.62 How-
ever, DENV activates the AMPK to trigger the autophagy
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TABLE 1
Summary of the studies related to DENV-induced autophagy pathways

References Cell lines/animals used DENV serotype Conclusion(s)

29 Huh-7, MEF, and BHK-2 DENV-2 DENV infection induces autophagy and
causes autophagosome formation,
which promotes virus replication in an
ATG5-dependent manner

26 HepG2 DENV-2 DENV induces autophagy; viral NS1 and
dsRNA can be detected on LC3-
positive structures and inhibiting
autophagosome/lysosome fusion
increases virus yield.

28 HepG2 and LLC-MK2 DENV-3 Interactions between DENV and the host
cell autophagy machinery are complex
andmay be determined in part by virus-
encoded factors.

25 Huh-7.5, Huh7, HepG2, and BHK DENV-2 Regulation of lipid metabolism is the
critical function of autophagy for DENV
replication. Dengue virus-2–induced
ER stress increases autophagy activity,
DENV replication, and pathogenesis
through two UPR-signaling pathways
both in vitro and in vivo.

50 MDCK, 293T, Vero, HeLa, and Swiss
Webster primary macrophage cells

DENV-2 (NS4A protein) DENV NS4A–mediated upregulation of
autophagy signaling is able to protect
cell death andenhancesviral replication.

30 U937 (human monocytic cell line), LLC-
MK2 cells, and HEK293T/17

DENV-2 Autophagy is not a significant part of the
DENV replication mechanism in
monocytes, and there are distinct cell
type–specific differences in the DENV-
autophagy interaction

54 Six-day-old ICR suckling mice DENV-2 DENV induces amphisome and
autophagosome formation as well as
the autophagic flux in the brain of
infectedmice. Regulation of autophagy
in vivo during DENV infection could
influence physiopathological
parameters, including disease
symptoms, survival rate, and viral titer.

51 AG129mice (129/Svmice lacking IFN-α/β
and IFN-γ receptors), BHK-21, HeLa,
and Huh7.A.1

DENV-2 Inhibition of autophagy by spautin-1
generated heat-sensitive,
noninfectiousDENVparticles, revealing
a large effect of components of the
autophagypathwayonviralmaturation.

53 Human KU812 basophil precursor cells
and HMC-1 immature mast cells

DENV-2 Sub-neutralizing antibodies derived from
dengue patient sera enhanced DENV
infection andautophagy in basophils as
well as mast cells. Autophagy plays an
important role in DENV infection and
replication in these cells.

43 Huh-7 and Vero DENV-2 In thecourseofDENV infection, autophagy
shifts from a supporting to an antiviral
role, which is countered by DENV.

49 Female BALB/c mice, HMEC-1, 293T,
and Drosophila S2 cells

DENV-2 (NS1 protein) DENV-NS1–induced vascular leakage
through the secretion of MIF and the
formation of autophagy. Inhibition of
MIF or autophagy formation effectively
reversed NS1-induced vascular
leakage both in vitro and in mice.

52 Human myelogenous leukemia (K562)
cells

DENV-3 Both DENV and DENV-ADE infections
induce an early interferon-stimulated
gene (NOS2) expression through
retinoic acid-inducible gene I–like
receptor-MAVS signaling axis
independent of the IFNs signaling.
Dengue virus-ADE suppresses this
early antiviral response through
increased autophagy formation. The
early induced autophagic proteins
ATG5-ATG12 participate in the
suppression of MAVS-mediated ISGs
induction, thereby facilitating viral
replication.

(continued)
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pathway for the breakdown of the LDs to generate ATP,
which is required for efficient DENV replication. Adenosine
monophosphate–activated protein kinase signaling and
AMPK-independent suppression of the mTORC1 activity are
the major requirements for the stimulation of the lipophagy,
but not for basal autophagy.40 The replication of the virus does
not occur on cells lacking autophagic machinery. However,
the external addition of the fatty acids promotes the viral
multiplication of such cells. In addition, DENV also promotes
the synthesis of the fatty acids at the viral replication site,63

similar to that of human cytomegalovirus. Human cytomega-
lovirus activates both the lipophagy and synthesis pathway
simultaneously and the inhibition of the AMPK halts the viral
replication.64 Adenosine monophosphate–activated protein
kinase and fatty acid synthesis pathway inhibition might have
a new therapeutic approach for DENV infection.

It has been demonstrated that several viruses trigger the
autophagy pathway by their structural and nonstructural pro-
teins. Hepatitis B virus X protein,65 Epstein-Barr virus (EBV) Rta
transcription factor,66 SV40T antigen,67 andHCVNS4B,NS5A,
and NS5B68 were the inducers of autophagy. However, in the
case of DENV, only two viral nonstructural proteins, NS1 and
NS4A, have been linkedwith the autophagy pathway. TheNS1-
induced MIF secretion and autophagy may represent potential
therapeutic targets for preventing vascular leakage in DHF/
DSS.49 Cells infected with DENV are found to be resistant to
apoptosis by external stimuli. This resistance to apoptosis is
due to the NS4A protein which is dependent on autophagy.
Inhibition of the autophagy by chemical treatment with wort-
mannin or 3-methyladenine, as well as by genetic treatment by
the knockdown of Beclin-1 or Atg5, reverses the DENV-
mediated protection against cell death.50 However, in vivo

TABLE 1
Continued

References Cell lines/animals used DENV serotype Conclusion(s)

27 Huh-7 and BHK DENV-1, DENV-2, DENV-3, DENV-4 Infectious autophagy-associated dengue
vesicles were released from the
infected cells. The viral RNA is
protected inside the vesicle, and
neutralizing antibodies do not have the
effect on the vesicle-mediated close
contact transmission that is able to
initiate the new round of infection in
target cells.

69 A549 and THP-1 DENV-2 An autophagy-related miRNA, miR-146a,
has been found to inhibit DENV-
induced autophagy by targeting TRAF6
and potentially suppressing excessive
inflammation in host cells to lessen the
pathological damage of dengue
infection.

40 HepG2 and HEK293T DENV-2 DENV infectionactivatesAMPKsignaling.
Dengue virus induction of proviral
lipophagy requires AMPK enzymatic
activity. Inhibition of mTOR signaling
during DENV infection is required to
induce lipophagy. Dengue virus
infection increases the accumulation of
activated AMPK and produces a
corresponding decrease in the
mTORC1 activity.

32 MDCK, HELA, BHK, PERK (wild type and
knockout), and MEF

DENV-2 ER stress signaling, activated during
infection, is required for virus-induced
autophagy, protection of cells, and
production of virus. Ataxia
telangiectasia–mutated signaling is
active in infected cells and affects ER
stress response, dengue-induced
protection, and autophagy.
Endoplasmic reticulum stress
pathway-dependent reactive oxygen
species accumulation is important for
induction of autophagy at later stages
of infection.

33 Six-day-old ICR suckling mice, Huh-7,
A549, BHK, and MEF-ATG5 wild-type
and knockout cells

DENV-2 DENV-2-induced ER stress increases the
autophagy activity, DENV replication,
and pathogenesis through two UPR
signaling pathways both in vitro and in
vivo. Targeting the molecules in ER
stress and autophagy may become a
potential treatment for DENV-infected
patients.

ADE=antibody-dependent enhancement;AMPK=adenosinemonophosphate-activatedprotein kinase;BHK=babyhamster kidney;DENV=denguevirus; ER=endoplasmic reticulum;HELA=Henrietta
Lacks; HMC-1 = human mast cell line-1; HMEC-1 = human microvascular endothelial cells-1; ICR = Institute of Cancer Research; LLC-MK2 = rhesus monkey kidney epithelial cells; MAVS =mitochondrial
antiviral signaling;MDCK=Madin-Darby canine kidney; MEF =mouse embryonic fibroblast; MIF =migration inhibitory factor; mTOR=mammalian target of rapamycin; PERK = ER stress pathway; THP-1 =
human leukemic monocyte-1; UPR = unfolded protein response.
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significanceof theNS4Aproteinon this process requires further
work.
The interaction of the viral factors with the host cell proteins to

bringonautophagy is verycomplex andnot fully known.The role
and influences of autophagy on the pathogenesis of dengue
infection need further exploration, which may lead to discover
new therapeutic targets for the management of dengue.
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