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Dengue Virus Control of Type | IFN Responses:
A History of Manipulation and Control
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The arthropod-borne diseases caused by dengue virus (DENV) are a major and emerging problem of public
health worldwide. Infection with DENV causes a series of clinical manifestations ranging from mild flu
syndrome to severe diseases that include hemorrhage and shock. It has been demonstrated that the innate
immune response plays a key role in DENV pathogenesis. However, in recent years, it was shown that DENV
evades the innate immune response by blocking type I interferon (IFN-I). It has been demonstrated that DENV
can inhibit both the production and the signaling of IFN-I. The viral proteins, NS2A and NS3, inhibit IFN-I
production by degrading cellular signaling molecules. In addition, the viral proteins, NS2A, NS4A, NS4B, and
NS5, can inhibit IFN-I signaling by blocking the phosphorylation of the STAT1 and STAT2 molecules. Finally,
NS5 mediates the degradation of STAT2 using the proteasome machinery. In this study, we briefly review the
most recent insights regarding the IFN-I response to DENV infection and its implication for pathogenesis.

Introduction

ENGUE DISEASE IS ONE of the most important arthropod-

borne diseases in world public health; it is caused by 4
distinct antigenically related serotypes (DENV-1, -2, -3, -4)
(Halstead 2007; Sun and Kochel 2013) of dengue virus
(DENV). The virus is transmitted by the bite of mosquitoes of
the Aedes genus, mainly by A. aegypti, a vector that is now
highly domesticated and has preferences for urban habitats
(Whitehead and others 2007; WHO 2009).

The 4 serotypes of DENV are widely distributed in
tropical and subtropical regions around the world. Although
most infections are asymptomatic, others can also be asso-
ciated with a mild flu-type disease (dengue), or evolve into a
potentially severe clinical case, associated with hemor-
rhages, organ damage, hypovolemic shock, and in some
occasions with death (severe dengue) (WHO 2009). It is
estimated that among the 50 million dengue cases reported
annually, 500,000 are cases of severe dengue, of which
~25,000 are fatal. Dengue disease is endemic in close to 80
countries around the world and more that 2,500 million
individuals are at risk of being infected with the virus
(Simmons and others 2012; Bhatt and others 2013).

The innate immune response constitutes the first line of
defense against pathogenic microorganisms, and it is par-
ticularly important in the early control of viral infections
(Medzhitov 2001; Akira 2009). Some DENV components,
such as single-stranded RNA (ssRNA) and double-stranded
RNA (dsRNA) replication intermediates, are recognized and
induce an early response in innate immune cells (Wang and

others 2006; Lee and others 2012). These components are
known as pathogen-associated molecular patterns (PAMPs)
and are recognized by a series of innate immunity receptors
known as pattern recognition receptors (PRRs) (Navarro-
Sanchez and others 2005).

The interactions between PAMPs and their corresponding
PRRs activate various signaling pathways that finally lead to
the production of proinflammatory cytokines and type I in-
terferon (IFN-I) (Boo and Yang 2010). However, DENV has
also acquired various strategies that provide it with the ca-
pacity to inhibit IFN-I response and thereby to escape this
main antiviral innate immune response of the host. In this
review, an analysis is made of how DENV regulates the
expression of IFN-I and evades the host antiviral response
mediated by this cytokine.

DENV: Genome and Protein Production

DENV belongs to the family Flaviviridae, genus Flavi-
virus. These viruses are icosahedral, enveloped, and ~ 30—
40nm in diameter. The genome comprises an ssRNA of
positive polarity (ssSRNA +) of about 11kb. At its 5” end, the
genome possesses a ' *Gppp.iome Structure known as type I
Cap that allows ribosome recognition; the genome does not
have a polyadenylated region at the 3" end (Malet and others
2008). The genomic RNA also carries 2 noncoding regions,
known as the 5 untranslated region (UTR) and 3'UTR, that
are highly structured and play an essential role in viral
replication (Mukhopadhyay and others 2005). The genome
contains a single open reading frame and codes for a single
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polyprotein of ~3,391 amino acids that are processed by
cellular and viral proteases, leading to (1) 3 structural pro-
teins: the capsid (C), responsible of viral RNA recognition
and assembly; the premembrane protein (prM), implicated
in blocking immature virus fusion; and the envelope gly-
coprotein (E), responsible for viral interaction with the
cellular receptor and for viral entry into the target cell and
(2) 7 nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) involved in the regulation of pro-
tein synthesis, in viral replication, in pathogenesis, and in
the control of host antiviral response (Perera and Kuhn
2008; reviewed in Urcuqui-Inchima and others 2010). Viral
polyprotein translation is performed at the rough endoplas-
mic reticulum (ER); however, it is thought that RNA rep-
lication occurs in vesicles formed by ER membrane
invagination performed, presumably by NS4A in concert
with host factors involved in inducing membrane re-
arrangements (Miller and others 2007; Welsch and others
2009). After RNA replication, the genomic RNA associates
with the C protein and buds into the ER lumen, acquiring a
lipid membrane that contains heterodimers of the embedded
E and prM proteins constituting immature particles. These
virions are transported along the cellular secretory pathway
and in the trans-Golgi network undergo a maturation step
mediated by furin-dependent cleavage of prM (Yu and
others 2008). Finally, the mature form of the virus is re-
leased from the cell by exocytosis (reviewed in: Urcuqui-
Inchima and others 2010).

DENV and Innate Response

The innate immune response is responsible for the control
of viral spread during the early stages of infection (Akira
2009; Kumar and others 2009). Therefore, DENV does not
escape the host defense mechanism and the first element
used for this purpose is the IFN-I cytokine. The IFN-I re-
sponse represents the principal effector mechanism of innate
immunity and is responsible for the control of DENV rep-
lication and also contributes to the rapid development of
adaptive immune responses that completely eliminate the
virus (Diamond 2003). To achieve this, IFN-I activates the
expression of a series of genes known as IFN-stimulated
genes (ISGs), both in infected and in nearby noninfected
cells (Der and others 1998). The products of ISG expression
are involved in several cellular pathways, although the most
important are those generating an antiviral state in the cells
affecting different steps of viral replication (Boo and Yang
2010). However, several viruses, including DENV, have
evolved various strategies to evade this process, which are
the main objective of this review. A better understanding of
the role of the innate immune response during DENV in-
fection and of the evasion mechanisms developed by the
virus itself would be of great importance in understanding
dengue pathogenesis and its severe clinical outcomes.

IFN-I expression requires the direct recognition of
DENV-associated components that act as viral-specific
PAMPs through PRR recognition. Viral antigen interaction
with the different PRRs leads to activation of cells of the
innate immune system and to the production of various
components that help control viral infection and promote the
development of the adaptive immune response (Beutler
2009). The DENV-associated antigens, ssSRNA and dsRNA,
that are replication intermediates are the best PAMPs de-
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scribed so far and are produced in the early stages of viral
replication. Indeed, it has been demonstrated that DENV
dsRNA can be sensed by Toll-like receptors (TLRs), which
are expressed intracellularly within endosomes (TLR3,
TLR7, TLR8) (Tsai and others 2009; Liang and others 2011)
(Fig. 1A), but how this dsRNA reaches these TLRs is un-
known, although it has been reported that TLR3 recog-
nizes the viral nucleic acid and envelopes glycoproteins
in the extracellular and endosomal compartments (de Veer
and others 2001). DENV PAMPs can also be sensed by
the cytoplasmic helicase receptor retinoic acid-inducible-
associated protein I (RIG-I) and by the melanoma differ-
entiation-associated gene 5 (MDA-5) (Fig. 1A), which
recognize RNAs bearing a triphosphate group at the 5’ end
and dsRNAs, respectively (Nasirudeen and others 2011; Qin
and others 2011). However, regarding RIG-I, the results are
controversial since some authors report that RIG-I inhibits
both DENV and Chikungunya virus infection by an IFN-I-
independent mechanism (Olagnier and others 2014), yet
other authors have suggested that RIG-1 activation by
DENV may be involved in immunopathogenesis of DENV
through the modulation of cytokine production (da Con-
ceicdo and others 2013). In addition, the signaling mole-
cules, IFN regulatory factor (IRF)-3 and IRF-7, play key
roles in anti-DENV innate immunity, possibly by inducing
the IFN-I response (Fig. 1A) or other innate immune me-
diators, such as proinflammatory cytokines (Chen and others
2013a). The activation of TLRs and of cytoplasmic helicase
receptors leads to transcription initiation of IFN-I and of
proinflammatory cytokines regulated by the transcription
factors, IRF and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«kB), respectively (Sariol and others
2011).

IFN-I Response in Viral Infections

Type I IFN is produced in response to viral infection and
represents the most efficient antiviral mechanism (Kotenko
2011). IFN-I (o) is produced upon the recognition of dsSRNA
and its name comes from the concept that this cytokine inter-
feres with viral replication. The most important IFN-I-
producing cells are the dendritic cells and the mononuclear
phagocytes, although in fact all nuclear cells are type I IFN-
producing cells. When the host cells are infected with a virus,
they respond by the secretion of IFN-ot/, which is responsible
for the transcription of more than 100 ISGs, whose products not
only generate an antiviral state in the infected cells and in
nearby uninfected cells but also participate in the establishment
of the adaptive immune response responsible for the complete
elimination of the infection (Kato and others 2005).

The binding of IFN-o/B with its respective receptor (IF-
NAR) leads to the activation of the tyrosine kinases, Jakl
and Tyk2 (janus kinase 1 and tyrosine kinase 2), associated
with the receptor (Samuel 2001) (Fig. 2). In response to this
event, STAT1 and STAT?2 (signal transducers and activators
of transcription) are phosphorylated and form a heterodimer
that associates with RF-9, a DNA-binding protein, to finally
form the multiproteic complex IFN-stimulated gene factor 3
(ISGF-3) (He 2006). This transcription factor complex is
translocated to the nucleus and is responsible for the tran-
scription of ISGs, whose protein products are involved in
antiviral innate immunity response (Le Bon and Tough
2002) (Fig. 2). Among the most important proteins induced
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FIG. 1. Dengue virus (DENV) blocks type I interferon (IFN-I) production. The innate immune system senses the pathogen
microorganism through pattern recognition receptors (PRRs) that recognize patterns present in microorganisms known as
pathogen-associated molecular patterns (PAMPs). (A) The PRRs involved in DENV recognition are the Toll-like receptors
(TLRs), 3, 7, and 8, and also the RNA helicase-type receptors, such as retinoic acid-inducible-associated protein I (RIG-I)
and melanoma differentiation-associated gene 5 (MDA-5). TLR3 senses double-stranded RNA (dsRNA) produced in
DENV replication, and TLR7 and TLRS8 sense single-stranded RNA (ssRNA). TLR7 and TLRS8 are endosomal receptors
associated with the adaptor protein MyD88. Activation of these TLRs, together with MyD88, recruits the IRAKI and
IRAK4 kinases, which associate with TNF-receptor-associated factor 6 (TRAF6), leading to its ubiquitination. TRAF6
promotes phosphorylation of the interferon regulatory factor (IRF)-7 that finally leads to transcription of IFN-o. On the
other hand, phosphorylation of IRF-3 is mediated by TLR3, which is associated with the adaptor molecule TRIF and leads
to the activation of TRAF3, to finally induce transcription of IFN-f. The cytoplasmic receptors, RIG-1 and MDA-5, activate
the mitochondria-related adaptor molecule IPS-I (also known as MAVS, CARDIF, and VISA), which in turn activates
TRAF3 leading to the phosphorylation of the transcription factors, IRF-3 and IRF-7. (B) DENV inhibits IFN-I production
avoiding PRR recognition through the formation of intracellular vesicles, in which the replication process is concentrated
and hidden from the host innate immunity. The viral protease NS2B/NS3 degrades the signaling molecule stimulator of IFN
genes (STING) involved in TRAF3 and TANK-binding kinase 1 (TBK1) activation. Finally, microRNA (miRNA)-146a
induced by DENV downregulates the expression of TRAF6.

by IFN-I is the dsRNA-dependent kinase protein (PKR).
PKR is normally present as an inactive protein, but is acti-
vated in response to interaction with dsSRNA generated during
viral genome replication and phosphorylates the alpha sub-
unit of the eukaryotic initiation factor 2, promoting inhibition
of translation and consequently inhibition of viral replication
(Hershey 1991; Wang and others 2003; Zhang and others
2014). Although PKR regulates the innate response to virus
infection, only in recent years have studies aimed at under-
standing the role of PKR in the replication of DENV increase
(Diamond and Harris 2001; Li and others 2013).

These results show that IFN blocks DENV infection by
suppression of DENV RNA translation through a PKR-
dependent mechanism. Interestingly, it was recently dem-
onstrated that PKR knockdown by short interfering RNAs
downregulates IFN synthesis through the RIG-I/IPS-1
pathway in human lung epithelial cells infected with DENV
(Li and others 2013). Furthermore, the role of the 2’,5’-
oligoadenylate synthetase (OAS) in DENV infection has
also been studied. As with PKR, OAS is also activated by
dsRNA and promotes the production of 5’-phosphorylated,
2’,5’-linked oligoadenylates, whose function is to activate
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FIG. 2. DENYV inhibits IFN-I signaling. IFN-0/f binding to its receptors, known as IFANR, leads to the activation of the
tyrosine kinases, Janus kinase 1 (Jak1) and Tyrosine kinase 2 (Tyk2), which once activated form a heterodimer that binds to
the DNA-binding protein IRF-9 to finally form the transcription factor, IFN-stimulated gene factor 3 (ISGF-3). This
transcription factor translocates to the nucleus where it stimulates the expression of hundreds of IFN-I-stimulated genes
(ISGs). DENV inhibits Tyk2 activation and also STAT1 phosphorylation through its proteins, NS2A, NS4A, and NS4B.
DENV also downregulates the expression of STAT2 and its NS5 protein blocks STAT2 phosphorylation. Finally, NS5
degrades STAT?2 through a proteosoma-dependent mechanism, binding to the cellular protein ubiquitin protein ligase E3

component recognin 4 (UBR4).

RNase L implicated in RNA degradation (Ronni and others
1997; Castelli and others 1998). The implication of this
protein in the control of DENV infection has been demon-
strated in vitro and in rhesus macaques (Warke and others
2003; Sariol and others 2007). In addition, polymorphisms
in the OAS1, OAS3, and OAS2 genes are associated with
differential susceptibility to clinical outcomes of dengue
infection (Alagarasu and others 2013; Thamizhmani and
Vijayachari 2014). Taken together, these results show that
both PKR and OAS, which are produced upon IFN-I stim-
ulation, inhibit the viral replication cycle by inhibiting either
DENV RNA translation or RNA degradation

The importance of IFN-I in protection against viral in-
fections, and particularly against DENV infection, has been
demonstrated in various experimental studies that show how
this cytokine can limit viral replication. It has been de-
scribed that in vitro treatment with IFN-o/p or IFN-y before
DENV infection protects human HepG2 cells from viral
replication (Diamond and others 2000). However, if the
treatment is performed after DENV infection, no difference
is observed regarding viral replication (Diamond and others
2000). These studies suggest that DENV has developed an

antagonist activity against the IFN-I-mediated immune re-
sponse in host-infected cells.

Supporting this idea, within the last few years, it has been
reported that several viruses of various families have de-
veloped specific mechanisms to inhibit IFN-I response and
therefore ensure their productive replication in host-infected
cells (Randall and Goodbourn 2008). To date, the main IFN-
I blocking mechanisms reported are related to inhibition
either of cytokine production or of the signaling pathways
blocking the function of IFN-I to induce the expression of
the antiviral genes, ISGs (Randall and Goodbourn 2008).
However, it was recently demonstrated that the DENV-2
noncoding subgenomic flaviviral RNA interacts with RNA-
binding proteins, such as G3BP1, G3BP2, and CAPRINI,
and inhibits the antiviral activity by inhibiting the ISG
mRNA translation (Bidet and others 2014). It was shown
that DENV encodes mechanisms that directly inhibit the
antiviral activity of ISGs, as has been described for other
viruses (Borrow and others 2010; Lefort and others 2010;
Pierangeli and others 2011).

For this reason, it has been suggested that the innate
immune evasion mechanisms, specifically IFN-I evasion,
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could play an essential role in viral pathogenesis and in the
severity of certain viral infections. As discussed below,
DENV inhibits the IFN-I-mediated innate immunity by
limiting the production of IFN-o/f and also by blocking the
signal induced by the cytokine in the nearby infected cells.

Inhibition of IFN-I Production by DENV

The activation of the different PRRs and RIG-I-like re-
ceptors by all the viral agonists, particularly the viral ge-
nome, leads to the production of IFN-I through the signaling
of a considerable number of innate immune pathways.
Nevertheless, a large number of different viruses have de-
veloped extremely efficient strategies to suppress IFN-I
production and antiviral activity in infected cells (Mufioz-
Jordan and Fredericksen 2010) (Fig. 1B).

The different types of viruses, and even the different types of
strains, can considerably vary in their capacity to induce IFN-I
production. The differences in such stimulation can be due to a
variety of factors, including the amount of IFN-I inducer pro-
duced during viral infection or replication (namely ssSRNA and
dsRNA), the type of infected cells, and also the capacity of the
virus to inhibit IFN-I production (Randall and Goodbourn
2008). In recent years, a large number of viruses have been
described that can suppress IFN-I production through specific
antagonists produced during replication. For instance, the He-
patitis C virus (HCV), Influenza A virus, and some para-
myxoviruses can block the TLR3 and the RIG-I/MDA-5
signaling pathways (Garcia-Sastre and others 1998; Childs and
others 2007; Qashqari and others 2013). Other viruses, such as
Rotavirus, Papillomavirus, and Herpes simplex virus (HSV),
induce IRF-3 degradation, an essential signaling molecule for
IFN-I production (Ronco and others 1998; Graff and others
2007; Melroe and others 2007).

In the specific case of DENV, 2 strategies that the virus
has evolved to inhibit IFN-I production have so far been
described: through active inhibition, altering signaling
molecules involved in the innate immune signaling pathway
responsible for IFN-I production and through passive inhi-
bition, avoiding cellular recognition through innate immune
receptors such as PRRs.

Using several experimental approaches, it has been ob-
served that monocyte-derived dendritic cells (moDCs) in-
fected with DENV are poor IFN-o/f producers, as opposed
to what is observed with the same cells, but infected with
other viruses such as the Newcastle disease virus (NDV)
(Rodriguez-Madoz and others 2010a). Furthermore, these
same authors demonstrated that reduced IFN-I production
by moDCs was related to delayed T lymphocyte activation
evaluated in coculture. Poor IFN-I production by DENV-
infected DCs has also been described, even in the presence
of IFN-I inducers such as TLR agonists and other types of
viruses that are IFN-I inducers as are the NDV and Sendai
virus (Rodriguez-Madoz and others 2010a). These results
therefore suggest that indeed DENV presents an efficient
antagonist mechanism limiting IFN-I production that has
been suggested to depend on viral replication and on the
catalytic activity of the NS2B/NS3 protease (Rodriguez-
Madoz and others 2010b) (Fig. 1B). In support of this hy-
pothesis, it was possible to identify specific elements
involved in the inhibition of IFN-I production using DENV-
infected moDCs as the model (Aguirre and others 2012).
Using bioinformatics analysis, the authors searched for po-
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tential targets for the viral protease NS2B/NS3 in the pro-
duction of the IFN-I signaling pathway, followed by in vitro
verification of the interaction between NS2B/NS3 and the
cellular proteins predicted; they observed that the DENV
protease degrades the innate signaling molecule stimulator
of IFN genes (STING), also known as mediator of IRF-3
activation (MITA), which is associated with the ER and
plays an essential role in the TLR3 and RIG-I signaling
pathways (Zhang and others 2012). Thus, DENV inhibits
IFN-I production in moDCs through the action of its viral
protease NS2B/NS3 that degrades STING. Similar results
were described almost simultaneously by Yu and others
(2012), who mapped the cleavagg)e site of MITA (STING),
by the DENV NS2B3, to LRR | *°Gleading to suppression of
MITA (Fig. 1B). More interesting was the fact that the viral
protease was unable to degrade the murine homolog of
MITA, which indeed can negatively regulate DENV repli-
cation. MITA 1is a protein located in the mitochondrial ex-
ternal membrane associated with MAVS (Mitochondrial
antiviral signaling), also known as VISA or IPS-1 (Zhong
and others 2008; Zhang and others 2012). MITA acts as an
adaptor molecule involved in the recruitment of TANK-
binding kinase 1 (TBK1), IRF-3, and MAVS; moreover,
silencing of MITA inhibits the antiviral response. DENV
can also inhibit IFN-I production by blocking the kinase
domain of the cellular signaling molecule IxB kinase ¢
(IKKeg), thereby significantly affecting its function that
therefore circumvents the proper induction and signaling of
RIG-I, inhibiting the phosphorylation and nuclear translo-
cation of IRF-3 (Angler6-Rodriguez and others 2014).

On the other hand, as mentioned above, DENV can pas-
sively inhibit IFN-I production, avoiding cellular recognition.
A great number of viruses that replicate in the cytoplasm, in
particular viruses with an RNA genome, induce in the infected
cells the formation of intracellular vesicles that resemble
cellular organelles, in which viral proteins and genome ac-
cumulate, thus enhancing the efficiency of viral replication
and evasion of the host immune response (den Boon and
others 2010). Likewise, several studies demonstrated that
members of the Flaviviridae family, such as the West Nile
virus, HCV, and DENYV, induce the formation of intracellular
vesicles within infected cells (Uchil and Satchidanandam
2003; Fredericksen and Gale 2006; Welsch and Zeuzem
2009). Using electronic microscopy techniques, it was ob-
served that DENV infection induces the formation of vesicles
and membrane complexes of ~90nm, in which the viral
particle and viral dsRNA have been detected (Welsch and
others 2009). Through electronic tomography it was estab-
lished that these intracellular vesicles were derived from the
cellular endomembrane complexes of the ER that contains
pores believed to allow the liberation of newly synthesized
RNAs (Welsch and others 2009). The formation of these types
of intracellular vesicles may avoid innate immune recognition
of the viral particle or of different viral components by the
cellular PRRs, and hence may interfere with the production of
IFN-I and proinflammatory cytokines. This mechanism could
represent one of many mechanisms by which DENV induces
the low production of IFN-I observed in infected cells.

Inhibition of IFN-I Signaling by DENV

Although several viruses limit IFN-I production, the most
common mechanism whereby the antiviral response of this
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cytokine is inhibited is by blocking its signaling pathway.
For instance, the Measles virus, HSV, and Japanese en-
cephalitis virus inhibit phosphorylation of JAK, thereby
blocking activation and signaling mediated by the STAT
molecules (Yokota and others 2003; Chee and Roizman
2004; Lin and others 2006). Other groups of viruses code for
proteins involved in directly blocking the function of the
STAT signaling molecules either by blocking phosphory-
lation or by inducing degradation of these molecules (Elliott
and others 2007; Frieman and others 2007; Chen and others
2013b).

DENV has similarly evolved the ability to alter the
function of the JAK/STAT signaling pathway used by IFN-I
(Fig. 2). The first report related to this problem was that of
Muiioz-Jordan and others (2003); the authors transfected
A549 human cells with different plasmids that indepen-
dently expressed each of the 10 nonstructural proteins en-
coded by the DENV genome (Mufioz-Jordan and others
2003). Only the expression of the nonstructural proteins,
NS2A, NS4A, and NS4B, enhanced viral replication of
NDV, which is highly sensitive to the IFN-I response.
Likewise, in Vero cells treated with IFN-f3 for 24 h, these
same viral proteins induced poor activity of chlorampheni-
col acetyltransferase (Mufioz-Jordan and others 2003) en-
coded in a plasmid under the control of the IFN response
element 54 (ISRE-54) and ISRE-9-27 promoters (IFN-o/f3
promoters present in the JAK/STAT signaling pathway),
suggesting that the antagonistic role observed in the viral
proteins takes place in the signaling pathway of IFN-L
Furthermore, the authors demonstrated that NS4B, and to a
lesser extent NS2A and NS4A, negatively regulate the ex-
pression of IFN-B-inducible genes, specifically those in-
volved in the signaling pathway of this cytokine. When the
mechanism involved in this regulation was evaluated, it was
observed that NS4B blocked the phosphorylation of STAT1
in LLCMK2 cells treated with IFN-I (Mufioz-Jordan and
others 2005) (Fig. 2). The region in NS4B implicated in
inhibiting STAT1 phosphorylation lies between amino acids
77 and 125, in addition to the 2K signal peptide located
between NS4A and NS4B, which is responsible for the lo-
cation of NS4B in the ER where its function is performed
(Mufioz-Jordan and others 2005). Nevertheless, this signal
peptide is not specific since the same results were obtained
when different signal peptides were used.

Besides inhibiting STAT1 phosphorylation, DENV also
interferes with STAT2 expression (Fig. 2). Indeed, human
K562 (lymphocytes) and THP-1 (monocytes) cell lines in-
fected with the infectious DENV-2 clone pDVWS601 ex-
press low levels of the STAT2 signaling molecule and also
of other IFN-I-inducible proteins with antiviral activity,
such as Myxovirus resistance protein A and PKR (Jones and
others 2005). It has been suggested that the viral protein
responsible for this regulation is NS5 since transfection of
K562 cells with a lentiviral vector that only expresses this
nonstructural protein induced IFN-I inhibition, as demon-
strated by the expression of INF-I-inducible genes; the other
nonstructural proteins had no effect (Mazzon and others
2009). This occurs because NS5 interacts with STAT2
through the RNA polymerase domain and inhibits phos-
phorylation of STAT2. Moreover, evidence exists that the
expressions of all DENV nonstructural proteins simulta-
neously participate in inhibiting STAT2 phosphorylation
(Mazzon and others 2009). On the other hand, Ashour and
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others (2009) demonstrated that interaction of NS5 with
STAT?2 was sufficient to degrade STAT2 through a mech-
anism that depends on its ubiquitination and proteasome
complex activity, and therefore on inhibition of the IFN-I
response (Fig. 2). These authors also found that the pro-
cessed NS5 form resulting from viral protease cleavage
(when all the nonstructural proteins were expressed simul-
taneously) was capable of stimulating STAT2 degradation
through the proteasome activity (Ashour and others 2009). It
has also been shown that the cellular protein, ubiquitin
protein ligase E3 component recognin 4 (UBR4), interacts
with the viral protein, NS5, mediating the mechanism
whereby STAT?2 is degraded by the proteasome, thus acting
as a key mediator that allows NS5 binding and degradation
of STAT2 (Morrison and others 2013). Moreover, the
presence of UBR4 is necessary for STAT2 degradation and
for viral replication in IFN-I-producing cells (Morrison and
others 2013). As a result, DENV-mediated STAT2 degra-
dation is species specific since it has been demonstrated that
NS5 is able to bind and degrade human STAT2, but not
mouse STAT2 (Ashour and others 2010). This becomes
important because STAT?2 restricts DENV replication in the
first moments of mice infection in vivo (Ashour and others
2010), and even mediates innate immunity in the absence of
STATI through type I IFN in mice (Perry and others 2011).
All these studies have reported that DENV inhibits INF-I
by different mechanisms and with different results. On some
occasions these results were contradictory. It is most likely
that these differences are due to different experimental ap-
proaches, expression systems, and cellular models. Never-
theless, it is clear that the results obtained to date allow us to
conclude that DENV inhibits the IFN-I response by block-
ing STAT1 phosphorylation and inducing STAT2 degrada-
tion or by altering the function of essential components of
the IFN-I signaling pathway. Moreover, it is probable that
the mechanism evolved by DENV to evade the innate im-
mune response mediated by IFN-I is a more complex pro-
cess than reported, in which the nonstructural proteins do
not act as individual proteins, but rather as multiprotein
complexes with each protein playing a specific role.

Conclusions and Perspectives

The innate immune response is a nonspecific and early
response that allows the host to control viral infection and
dispersion during the first hours of infection. In addition,
innate immunity is essential to establish a proper adaptive
immune response. It is well accepted that among the com-
ponents of the different innate immune responses, IFN-I is
the main factor responsible for protecting the host from viral
infections, restricting viral replication. Nevertheless, many
viruses have also evolved different strategies to evade IFN-
I-mediated antiviral activity either by limiting its production
or blocking and altering its signaling pathway in infected
cells. In the specific case of DENV, and as discussed above,
it was demonstrated that the virus can not only inhibit IFN-I
production but also the signaling of this cytokine, allowing
the virus to efficiently replicate in IFN-I-producing cells,
such as DCs.

The direct implications of this immune evasion mecha-
nism in DENV pathogenesis have so far been poorly ex-
plored. This is mainly because the majority of experimental
approaches have been conducted with reference DENV
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strains or with the genetic sequences of reference strains.
Moreover, the few times clinical studies were performed,
inconclusive results were obtained. In 2009, a phenotypic
study (Takhampunya and others 2009) was performed on 18
DENV clinical isolates from children in Bangkok, Thailand,
who presented dengue fever and dengue hemorrhagic fever.
The authors evaluated the ability of the strains to inhibit
IFN-I response by blocking phosphorylation of STAT1 and
found that the majority of the strains blocked IFN-I sig-
naling, but they found no differences in the phenotypic
characteristics between strains producing dengue fever and
strains producing dengue hemorrhagic fever (Takhampunya
and others 2009). Despite the fact that DENV replicates in
the cytoplasm, it has been reported that NS5 is located in the
nucleus of infected cells; however, this localization of NS5
is not related to DENV replication efficiency or to the in-
hibition ability of the IFN-I activity (Rawlinson and others
2009; Kumar and others 2013).

In recent years, microRNAs (miRNA) that are major
genetic expression regulators of eukaryotic organisms have
gained special attention due to the possibility that they may
function as alternatives against viral infections. In particular,
several miRNAs have been described with antiviral activity
against viruses, such as human immunodeficiency virus
(HIV), Vesicular stomatitis virus, and Influenza virus (Ot-
suka and others 2007; Ahluwalia and others 2008; Song and
others 2010). DENV could be another such virus since it has
been reported that genetically engineered viruses, meaning
those that have miRNA target sequences, are highly sus-
ceptible to miRNA regulation and thus dramatically down-
regulate viral replication (Lee and others 2010). Moreover,
cellular miRNAs, specifically miRNA-146a, enhance
DENV-2 replication in human cells (Wu and others 2013).
More interesting is the fact that the mechanism whereby this
miRNA enhanced DENV replication was through inhibition
of IFN-B production. This was accomplished by the recog-
nition and interaction of miRNA-146a with target sequences
present in the 3'UTR sequence of TNF-receptor-associated
factor 6 (TRAF6), a signaling molecule involved in TLR3/7/
8 and RIG-I/MDA-5 signaling, and therefore drastically
downregulating expression of TRAF6 (Wu and others 2013)
(Fig. 2). This evidence provides new data about how DENV
manipulates several cell factors for its own benefit; in this
case, cellular miRNAs encoded by the host help DENV
evade the antiviral activity of IFN-I.

Likewise, some viruses indirectly block IFN-I signaling,
through the upregulation of the expression of the suppressor
of cytokine signaling (SOCS) cellular proteins that consti-
tute a protein family with great capacity to regulate the JAK/
STAT signaling pathway. For example, the HSV and In-
fluenza A virus upregulate SOCS-1 and SOCS-3, thereby
blocking the antiviral effect of IFN-I (Pauli and others 2008;
Frey and others 2009; Jia and others 2010). Although this
is a very interesting observation and although DENYV is
known to block the IFN-I response at different levels, SOCS
regulation has not yet been studied in the case of DENV
infection.

In conclusion, DENV evades the innate immune response
mediated mainly by IFN-I. This immune evasion allows the
virus to infect and replicate in several IFN-I-producing cells
that play an important role in viral pathogenesis and host
immune response such as in DCs and monocytes. A com-
plete understanding of the innate immune evasion observed
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in DENV infection is necessary for the development of
antiviral therapies that could be used in DENV-infected
patients. Furthermore, a thorough knowledge of all the el-
ements involved in IFN-I inhibition would allow the de-
velopment of suitable animal models to study DENV
infection.
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