CVI

Journals.ASM.org

Dengue Virus Subverts the Interferon Induction Pathway via NS2B/3

Protease-IkB Kinase € Interaction
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Dengue is the world’s most common mosquito-borne viral infection and a leading cause of morbidity throughout the tropics
and subtropics. Viruses are known to evade the establishment of an antiviral state by regulating the activation of interferon regu-
latory factor 3 (IRF3), a critical transcription factor in the alpha/beta interferon induction pathway. Here, we show that dengue
virus (DENV) circumvents the induction of the retinoic acid-inducible gene I-like receptor (RLR) pathway during infection by
blocking serine 386 phosphorylation and nuclear translocation of IRF3. This effect is associated with the expression of nonstruc-
tural 2B/3 protein (NS2B/3) protease in human cells. Using interaction assays, we found that NS2B/3 interacts with the cellular
IkB kinase € (IKKe). Docking computational analysis revealed that in this interaction, NS2B/3 masks the kinase domain of IKKe
and potentially affects its functionality. This observation is supported by the DENV-associated inhibition of the kinase activity
of IKKe. Our data identify IKKe as a novel target of DENV NS2B/3 protease.

Dengue virus (DENV) is a member of the genus Flavivirus in
the family Flaviviridae. DENV causes dengue with or without
warning signs or severe dengue that can result in shock or death
(1). The World Health Organization reports that >2.5 billion
people are at risk of dengue infection, and the number of cases
continues to increase. This translates to 50 million infections an-
nually, with 500,000 to 1 million cases of those being severe den-
gue and around 22,000 cases leading to death, mainly among chil-
dren (1, 2). The disease is induced by four different viral serotypes,
and although infection with one serotype confers protective im-
munity to that serotype, it does not protect the host from infection
by other serotypes (3).

DENV is an enveloped single-stranded RNA (ssRNA) virus
with positive polarity. Translation of the DENV genome produces
a polyprotein, which upon cleavage by host and virus proteases
yields three structural (C, E, and prM) and seven nonstructural
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. The
viral protease NS2B/3 is composed of two subunits, NS3 and
NS2B, which control the proteolytic activity of the enzyme (4, 5).

The innate immune response is the first line of defense against
invading pathogens, and it is activated in mammalian hosts im-
mediately after viral infection. This response is triggered when cell
pattern recognition receptors (PRRs) detect pathogen-associated
molecular patterns (PAMPs), leading to the activation of multiple
signaling pathways and transcription factors (6). Toll-like recep-
tor 3 (TLR3) and the retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs) are important PRRs that recognize the viral rep-
lication intermediate, double-stranded RNA (dsRNA) (7). The
RLR family comprises cytoplasmic RNA helicases that share a ho-
mologous DExD/H box. The two principal members are RIG-I
and melanoma differentiation-associated gene 5 (MDAS5) (8). The
binding of dsRNA to PRRs activates interferon regulatory factor 3
(IRF3), a key transcription factor that induces the production of
alpha/beta interferon (IFN-a/f) (type I IFNs). Both types of
dsRNA receptors utilize adaptor molecules to facilitate signaling:
TLR3 uses Toll interleukin-1 (IL-1) receptor domain-containing
adaptor inducing IFN-f (TRIF) and RLR signals through mito-
chondrial antiviral signaling protein (MAVS), also called IPSI,
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VISA, and CARDIF (6). TRIF and MAVS interact with TANK-
binding kinase 1 (TBK1) and IkB kinase € (IKKe) independently
of the activated dsRNA receptor. Downstream, the kinases phos-
phorylate IRF3 at several serine/threonine residues, thereby pro-
moting its dimerization and translocation into the nucleus (6, 9).
This phosphorylation leads to the activation of multiple genes,
including IFN-[3, which is crucial to the establishment of the an-
tiviral state that blocks viral replication.

Recently, another protein, known as stimulator of the inter-
feron gene (STING) (also known as MITA, ERIS, or TMEM173),
was also shown to be associated with the production of type I IFNs.
STING is an endoplasmic reticulum transmembrane protein and
was first described as a cytosolic DNA sensor, but different studies
have shown that it is also triggered by viral RNA (10). The activa-
tion of this pathway induces the dimerization of STING, which is
then phosphorylated and ubiquitinated to activate IRF3 (11).

Viruses have evolved strategies to evade the type I IFN re-
sponse. Some of these include RNA viruses that are of clinical
relevance to humans, such as influenza virus (by NS1 protein),
Ebola virus (by VP35 protein), and Nipah virus (by W protein),
among others (12-15). Members of the family Flaviviridae, like
hepatitis C virus (HCV) and West Nile virus (WNYV), also have
evolved unique strategies to control the innate immune response
in order to prevent viral clearance and promote viral replication
(16). Dengue virus has been shown to inhibit the type I IFN sig-
naling cascade by targeting different proteins of the Janus kinase-
signal transducer and activator of transcription (JAK-STAT)
pathway (17, 18). In particular, the nonstructural DENV proteins

Received 4 August 2013 Returned for modification 9 September 2013
Accepted 23 October 2013

Published ahead of print 30 October 2013

Editor: W. R. Waters

Address correspondence to Carlos A. Sariol, carlos.sariol1@upr.edu.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/CVI.00500-13

cviasm.org 29


http://dx.doi.org/10.1128/CVI.00500-13
http://cvi.asm.org

Angleré-Rodriguez et al.

NS2A, NS4A, NS4B, and NS5 have been involved in that inhibi-
tory effect (19-22). Different studies have demonstrated that the
HCV serine protease NS3/4A cleaves the adaptors TRIF and
MAVS (23, 24). Other viruses use their proteases to disrupt the
IEN pathways; for example, the picornavirus 3Cpro cleaves RIG-I
and abrogates its activity (25). Recently, it was shown that DENV
NS2B/3 inhibits the type I IFN response in human dendritic cells
by cleaving STING (26). However, the precise mechanism by
which DENV protease inhibits the induction pathway is still un-
clear.

Here, we investigated in vitro the interactions of DENV with
the TLR3 and RLR pathways and the effects of the DENV NS2B/3
serine protease on the IKKe kinase. Our results show that DENV
interrupts the RIG-I signaling pathway, blocking the nuclear
translocation and S386 phosphorylation of IRF3 by a direct inter-
action of NS2B/3 with IKKe that allows for masking of the protein
kinase domain.

MATERIALS AND METHODS

Cell culture and viruses. HEK293 cells stably expressing TLR3 (293/
TLR3) (InvivoGen, San Diego, CA) were propagated as a confluent
monolayer in tissue culture flasks. The cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% inacti-
vated fetal bovine serum (FBS), 1% (vol/vol) penicillin and streptomycin,
and 10 pg/ml blasticidin at 37°C in 5% CO,. DENV2 strain NGC-44 was
propagated in C6/36 cells, and titers were determined on Vero cells by a
plaque assay.

Infection and stimulation. The 293/TLR3 cells were seeded onto 24-
well plates at 4.5 X 10° cells/well and after 24 h were infected with DENV2
at an multiplicity of infection (MOI) of 4; 12 h later, the cells were mock
stimulated or stimulated to activate TLR3 with 100 wg/ml poly(I-C) or
RLRs with 10 pg/ml poly(I-C) (low molecular weight [LMW])/LyoVec.
Poly(I-C)/LyoVec is a synthetic dsSRNA polymer complexed with the
transfection reagent LyoVec (catalog no. tlrl-picwlv; InvivoGen, San Di-
ego, CA). Unlike naked poly(I-C), which is recognized by TLR3, trans-
fected poly(I-C) is sensed by RLRs. At 24 h postinfection (12 h poststimu-
lation), the cells were lysed and stored at —80°C for subsequent Western
blot analysis.

Transfection of 293/TLR3 cells. The 293/TLR3 cells were transfected
with hemagglutinin (HA)-tagged plasmids encoding DENV2 protease
NS2B/3 or NS2B/3-S135A with impaired protease activity (kindly pro-
vided by Adolfo Garcia-Sastre of the Mount Sinai School of Medicine,
NY). Transfection was done using 1 pg of plasmid DNA with Lipo-
fectamine 2000 (Invitrogen) at a density of 3.6 X 10° cells/ml. The cells
were then cultured in 24-well dishes and after 12 h were stimulated with 10
pg/ml poly(I-C)/LyoVec. Twenty-four hours posttransfection (12 h post-
stimulation), the cells were collected, lysed, and stored at —80°C for sub-
sequent Western blot analysis.

IKKe cleavage and functional evaluation. For cleavage evaluation, 1
g of Flag-tagged IKKe (kindly provided by K. Fitzgerald, University of
Massachusetts Medical School, MA) and 1 pg of HA-tagged NS2B/3 or
NS2B/NS3-S135A plasmid were transfected into 293/TLR3 cells, and the
cells were collected and lysed after 48 h. For cleavage evaluation of endog-
enous IKKe after infection, the cells were infected with DENV2 at an MOI
of 4 for 24 h, and the cells were then collected and lysed. For IKKe func-
tional evaluation, the cells were transfected with 1 g of Flag-tagged IKKe
plasmid for 24 h, followed by infection with DENV2 at an MOI of 4 for 24
h, after which the cells were collected and lysed. The samples were ana-
lyzed by Western blotting using equivalent amounts of protein.

Western blot analysis. The cells were lysed in RIPA buffer (50 mM
Tris HCI [pH 7.4], 150 mM NaCl, 1% NP-40, 2 mM EDTA, 1% sodium
dodecyl sulfate) containing protease inhibitors. Equivalent amounts of
protein from 20 to 40 g (determined by the Micro BCA protein assay;
Pierce, Rockford, IL) were loaded onto a 12% SDS-polyacrylamide gel.
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After electrophoresis, the gel was transferred to a polyvinylidene difluo-
ride (PVDF) membrane (Bio-Rad, Hercules, CA) using a Trans-Blot
semidry transfer cell (Bio-Rad) apparatus. After incubation with blocking
solution (5% dry milk and 0.1% Tween 20 in Tris-buffered saline [TBST])
at room temperature for 1 h, the membranes were incubated overnight
with the respective antibodies. The following monoclonal or polyclonal
antibodies were used to probe the blots: mouse anti-IRF3 (R&D Systems,
Minneapolis, MN), rabbit anti-phosphoserine 386 IRF-3 (Abcam, Cam-
bridge, MA), rabbit anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Abcam), rabbit anti-DENV-NS5 (kindly provided by Adolfo
Garcia-Sastre of Mount Sinai School of Medicine, NY), rabbit anti-IKKe
(Cell Signaling Technology, Danvers, MA), mouse anti-Flag (Sigma-Al-
drich), and rabbit anti-HA (Sigma-Aldrich) antibodies. The blots were
washed three times for 5 min with TBST, incubated for 2 h with peroxi-
dase-conjugated secondary goat anti-rabbit or anti-mouse (Bio-Rad) an-
tibody, and washed again three times. SuperSignal West Pico chemilumi-
nescent detection methods (Pierce) were used to visualize the proteins
according to the manufacturer’s instructions and analyzed using the Ver-
saDoc imaging system model 4000 (Bio-Rad).

Immunofluorescence staining. The cells were grown overnight to
50% confluence on microscope coverslips and then fixed and permeabil-
ized in cold acetone-methanol (1:1). The cell nuclei were permeabilized
for 5 min in 0.5% Nonidet P-40. Rabbit anti-IRF3 or anti-phosphoserine
386 IRF-3 (Abcam) and mouse anti-flavivirus E protein (4G2) (ATCC)
were used as primary antibodies. Texas Red- and fluorescein isothiocya-
nate-conjugated anti-rabbit or anti-mouse antibodies were used as sec-
ondary antibodies (Jackson ImmunoResearch). Nuclear chromatin stain-
ing was performed by incubation in a phosphate-buffered saline solution
containing 0.5 mg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Bio-Rad)
and then mounted using ProLong Gold antifade reagent (Invitrogen,
Carlsbad, CA). The images were observed with a Zeiss Observer Z1 con-
focal laser-scanning microscope coupled to a Zeiss LSM 510 Meta EC. The
system was controlled using Zeiss ZEN 2009 software.

Coimmunoprecipitation. The 293/TLR3 cells were cotransfected as
described above with Flag-IKKe (1 pg of DNA) and HA-NS2B/3, HA-
NS2B/3-S135A, or empty plasmid (1 pg of DNA). After 48 h posttrans-
fection, the cells were collected and lysed. The cell lysates (200 1) were
precleared for 3 h with 20 pl of agarose beads. The coimmunoprecipita-
tion procedures were conducted according to the manufacturer’s instruc-
tions (Pierce HA tag IP/Co-IP kit), including using a kit-supplied HA-
tagged positive control to verify correctimmunoprecipitation. Bound and
unbound fractions were analyzed by Western blotting using anti-Flag
(Sigma-Aldrich) and anti-HA (Sigma-Aldrich) antibodies.

Immunostaining by in situ proximity ligation assay. The 293/TLR3
cells were transfected as described above, grown to 50% confluence on BD
BioCoat poly-p-lysine 8-well culture slides (BD Biosciences), and after 48
h were fixed and permeabilized in cold acetone-methanol (1:1). The cell
nuclei were permeabilized for 5 min in 0.5% Nonidet P-40. Protein-pro-
tein interactions were detected using a Duolink IT proximity ligation assay
red kit composed of anti-rabbit proximity ligation assay (PLA) probe
Plus, anti-mouse PLA probe Minus (Olink Bioscience, Uppsala, Sweden)
and antibodies against HA-tag (Sigma-Aldrich), IKKe (Cell Signaling
Technologies), and IRF3 (Abcam). Single detections were analyzed using
anti-rabbit PLA Plus and Minus probes for IKKe or IRF3 and anti-mouse
PLA Plus and Minus probes for HA-tag proteins. The images were ob-
served with a Zeiss Observer Z1 confocal laser-scanning microscope cou-
pled to a Zeiss LSM 510 Meta EC. The system was controlled using Zeiss
ZEN 2009 software.

Computational analysis. The properties of the NS2B/3 cleavage site
and preference sequences were searched for in the literature (4, 28). The
ScanProsite databases were employed to predict putative cleavage sites in
human IKKe (GenBank accession no. AAF45307.1). We used the pattern
search tool of Prosite with the motif [KR] (2,3)-[SGA], which represents
two or three residues of Lys and/or Arg followed by any of Ser, Gly, or Ala.

The protein-protein model of IKKe and NS2B/3 was examined using
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FIG 1 Interferon regulatory factor 3 (IRF3) phosphorylation state at residue S386 after infection and/or stimulation of TLR3 or RLR pathways. (A) Levels of
phosphorylated IRF3 (pS386-IRF3) and IRF3 on a Western blot prepared with 20 g of whole-cell extract recovered from cells treated as indicated and collected
at 24 h postinfection and 12 h poststimulation. GAPDH was detected in these same cell lysates as a loading control and DENV NS5 protein as evidence of viral
replication. (B) Densitometric analysis of pS386-IRF3 protein levels normalized to GAPDH are shown in arbitrary units. **, significant difference between
RLR-stimulated cells that were DENV infected and mock infected (P < 0.01, two-tailed Student’s ¢ test) (n = 3). Each bar represents the mean = SEM. —C,

negative control.

the automatic docking ClusPro 2.0 server (29). Since an experimentally
determined three-dimensional structure for IKKe was not available, we
used homology modeling to predict its three-dimensional (3D) structure
using the Phyre? server (protein homology/analogy recognition engine
version 2.0) based on the resolved 3D structure of human TBK1 (Protein
Data Bank ID, 4IM2). Docking was performed using the Protein Data
Bank (PDB) homology model of IKKe and DENV NS2B/3 (Protein Data
Bank ID, 2FOM). The highest-ranked model was selected and visualized
using the PyMOL program.

Statistical analysis. Data were analyzed by using unpaired two-tailed
t tests or by one-way analysis of variance (ANOVA) followed by a Tukey
multiple-comparison test. The results were expressed as the mean * stan-
dard error of the mean (SEM). Differences were considered significant
with P values of <0.05 or <0.01. All statistical tests were performed with
the GraphPad Instat software version 3.06 and Prism 5.

RESULTS

DENV blocks IRF3 phosphorylation of serine 386. Upon viral
infection, TLR3 and RLRs are the major sensors that trigger IRF3
activation in response to stimulation. IKKe and TBK1 activate
IRF3 by the phosphorylation of specific residues in its C terminus.
The roles of the different phosphorylation sites have remained
controversial, but the main phosphorylated residues are serine
386 (S386) and serine 396 (S396) (30). In this study, we tested
IRF3 phosphorylation at S386, which has been suggested to be
critical for IRF3 activation (31). Poly(I-C), a synthetic dsRNA, is a
stimulator of TLR3; however, when poly(I-C) is transfected into
the cells, it functions as an RLR stimulator (32). We showed that in
both cases (dsRNA uptake and transfection), poly(I-C) stimulated
IRF3 phosphorylation at S386 (Fig. 1A and B).

Human embryonic kidney cells with stable expression of TLR3
(293/TLR3) and that are responsive to RLR ligands were infected
with DENV and stimulated for TLR3 or RLR 12 h later. To analyze
the ability of DENV to block S386 phosphorylation of IRF3
(pS386-1RF3), cell lysates were subjected to immunoblotting 24 h
postinfection (12 h poststimulation) (Fig. 1A) and the signals were
evaluated by densitometry (Fig. 1B). Cells that were infected but
not stimulated showed no S386-IRF3 phosphorylation (Fig. 1A
and B). However, the stimulation of noninfected 293/TLR3 cells
for TLR3 or RLR resulted in S386-IRF3 phosphorylation. When
such cells were also infected with DENV, they exhibited a moder-
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ate reduction in the level of pS386-IRF3 after stimulation of TLR3,
compared to the noninfected stimulated cells (P > 0.05). Further-
more, the virus significantly diminished pS386-IRF3 levels after
RLR stimulation (P < 0.01) (Fig. 1B). Immunoblotting against
NS5 confirmed DENV replication in 293/TLR3 cells.

Because laboratory strains may accumulate adaptive muta-
tions through passages, in addition to analyzing the DENV2 lab-
oratory strain NGC and the DENV1 Western Pacific 74 strain to
detect S386-IRF3 phosphorylation, we also analyzed primary
DENV?2 isolated from patients in Puerto Rico. The inhibition of
IRF3 phosphorylation after in vitro DENV infection was con-
firmed (data not shown). This suggests that DENV-induced inhi-
bition of $386-IRF3 phosphorylation is widely associated with dif-
ferent DENV serotypes and strains.

DENYV infection results in inhibition of RLR-induced IRF3
nuclear translocation. Previous works confirmed that following
cellular stimulation of a PRR, the IKKe and TBKI1 kinases phos-
phorylate IRF3, which then homodimerizes and rapidly translo-
cates to the nucleus (6, 33). To analyze DENV-associated nuclear
translocation of IRF3, we compared DENV- and mock-infected
293/TLR3 cells by using immunofluorescence confocal micros-
copy. The results demonstrate nuclear translocation of IRF3 after
TLR3 or RLR stimulation occurs in mock-infected cells (Fig. 2B
and C) compared to unstimulated control cells (Fig. 2A).
Similarly, in the DENV-infected/unstimulated cells, nuclear
translocation of IRF3 did not occur (Fig. 2D). However, in the
DENV-infected/stimulated cells, RLR-induced IRF3 nuclear
translocation was blocked (Fig. 2F) and there was moderate inhi-
bition of TLR3-induced IRF3 nuclear translocation (Fig. 2E). To
determine if the observed decrease in nuclear translocation is re-
lated to DENV-associated suppression of IRF3 activation, we per-
formed the same experiments but used a specific pS386-IRF3 an-
tibody. Control cells that were mock infected and unstimulated
showed no presence of pS386-IRF3 (Fig. 2G), whereas both TLR3
and RLR stimulation induced S386-IRF3 phosphorylation and
nuclear translocation in mock-infected cells (Fig. 2H and I). The
phosphorylation of S386-IRF3 was not detected in either the cy-
toplasm or nucleus of DENV-infected/unstimulated cells (Fig.
2]). However, although the virus failed to block TLR3-induced
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FIG 2 Cellular localization of IRF3 and pS386-IRF3 after DENV infection.
The 293/TLR3 cells were infected or mock infected with DENV and stimulated
or not for TLR3 or RLR as indicated. The cells were dually labeled for DENV
and IRF3 (A to C, mock infected; D to F, DENV infected) or pS386-IRF3 (G to
I, mock infected; ] to L, DENV infected). Cells were stained with fluorescent,
conjugated secondary antibodies and observed by confocal microscopy. Red
indicates IRF3 or pS386-IRF3, green indicates DENV infection, and blue in-
dicates nuclei stained with DAPIL.

IRF3 phosphorylation and nuclear translocation (Fig. 2K), it
strongly antagonized RLR-induced S386-IRF3 phosphorylation
and nuclear localization (Fig. 2L). This is in agreement with the
results obtained with the anti-IRF3 antibody (Fig. 2A to F). Be-
cause of the robust and significant blockage of RLR-induced S386-
IRF3 phosphorylation and nuclear translocation by the DENV
virus, this pathway was chosen for study in all further experi-
ments.

DENV NS2B/3 protease inhibits $386-IRF3 phosphoryla-
tion. Recently, it was demonstrated that the DENV catalytically
active protease complex NS2B/3 antagonizes the type I IFN re-
sponse in human cells (34). To further address the role of the
catalytic activity of DENV NS2B/3 in suppressing RLR-induced
$386-IRF3 phosphorylation in 293/TLR3 cells, we performed im-
munoblotting of cells transfected with plasmids coding for either a
wild-type DENV protease or a mutant variant with a single amino
acid substitution, Ser135 replaced with Ala (S135A), which elim-
inates the protease activity (35) (Fig. 3A). A densitometric analysis
of a pS386-IRF3 immunoblot of lysate from RLR-stimulated cells
transfected with an empty plasmid showed a 3.1-fold level of in-
duction compared with negative-control cells (Fig. 3B). However,
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FIG 3 NS2B/3 inhibits RLR-associated induction of pS386-IRF3 phosphory-
lation. (A) The cells were transfected with NS2B/3- or NS2B/3-S135A-encod-
ing plasmids, and 36 h after transfection, they were stimulated for RLR path-
ways for another 12 h and then cell lysate (20 g) was analyzed by Western
blotting using an anti-pS386-IRF3 antibody. (B) Densitometric analyses of
pS386-IRF3 protein levels normalized to GAPDH are shown as fold change
compared to the positive control (+C). %, significant difference compared to
the +C (P < 0.05, one-way ANOVA) (n = 2). Each bar represents the mean *
SEM.

in lysates of NS2B/3-transfected cells stimulated for RLR, the in-
duction of pS386-IRF3 was significantly reduced compared to the
positive-control (+C) cells that received only stimulation (P <
0.05) (Fig. 3B). Of note, cells transfected with NS2B/3-S135A were
found to have lower levels of RLR-induced pS386-IRF3, but the
degree of reduction was not significant compared to that of the
+C cells.

IKKze interacts with both the catalytically active and inactive
forms of DENV protease. The NS2B/3-associated inhibition of
IRF3 phosphorylation establishes the relevance of studying the
interplay between the protease and kinases that directly activate
IRF3. To further address this, we performed interaction assays
between NS2B/3 and IKKe, which is a kinase involved in phosphor-
ylating IRF3. First, we used the in situ proximity ligation assay
(PLA), a technique based on immunodetection that identifies any
interaction between two proteins in close proximity by generating
fluorescence. The cells were transfected with plasmids coding for
HA-tagged NS2B/3 or NS2B/3-S135A or were cotransfected with
Flag-tagged IKKe (Fig. 4). Using the same method, we were able to
detect single proteins as evidence of the individual expression of
IRF3, IKKe, HA-tagged NS2B/3, and NS2B/3-S135A (Fig. 4A,
panels a to d). Once expression of the single proteins was con-
firmed, we tested whether any protein-protein interactions could
be detected. As a positive control for interacting proteins, we used
the cyclic AMP response element-binding (CREB)-binding pro-
tein/p300 (CBP/p300) and IRF3, which are well-described pro-
tein-protein partners (36). We first looked at cells that were trans-
fected with any form of the protease and analyzed them for
interactions between the protease and endogenous IKKe (Fig. 4A,
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FIG 4 DENV protease interacts with human IKKe. (A) 293/TLR3 cells were transfected with HA-NS2B/3 or HA-NS2B/3-S135A and Flag-IKKe or empty plasmid and
at 48 h posttransfection were evaluated by proximity ligation assay (PLA). Single detection of proteins as controls for expression: IRF3 (a), IKKe (b), HA-NS2B/3 (c), and
HA-NS2B/3-S135A (d). Red fluorescence indicates positive expression of these proteins and blue indicates nuclear staining by DAPL. (e to j) Double detection of
protein-protein interactions. HA-tagged proteins were stained with a primary anti-HA antibody and a secondary PLA Minus probe, and IKKe was stained using a
primary anti-IKKe antibody and a secondary PLA Plus probe. When the proteins are in close proximity, fluorescence is generated. The absence of red fluorescence reflects
no protein-protein interaction. Shown are the endogenous expression of IKKe (e and f) and IKKe overexpression (gand h). (B) Cells were lysed at 48 h posttransfection
and extracts coimmunoprecipitated with antibody against HA, and the bound and unbound fractions were analyzed by immunoblotting for IKKe.

panels e and f). Imaging of IKKe in transfected cells expressing the
active protease NS2B/3 revealed no red fluorescence (Fig. 4A,
panel e). However, cells transfected with the catalytically inactive
protease showed positive protein-protein interactions with en-
dogenous IKKe (Fig. 4A, panel f). Cells transfected with plasmids
coding for IKKe and either the active protease NS2B/3 or the cat-
alytically inactive protease NS2B/3-S135A were positive for pro-
tein-protein interactions in both cases compared with controls
(Fig. 4A, panels g and h). However, the interaction of IKKe with
NS2B/3-S135A resulted in a stronger signal than the interaction
with catalytically active protease.

To validate the results obtained with the PLA, we transfected
cells with the same plasmids coding for the proteases and the ki-
nase. Then, we performed coimmunoprecipitation (coIP) assays
with either NS2B/3 or NS2B/3-S135A (Fig. 4B, lanes 1 and 2, re-
spectively) using an antibody against HA and analyzed the immu-
noprecipitates by immunoblotting for Flag-IKKe. Consistent with
the PLA results, we detected a stronger interaction for IKKe with
NS2B/3-S135A than with the catalytically active protease NS2B/3.
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This effect was observed in the unbound fraction, where a portion
of the expressed Flag-IKKe was detected in NS2B/3-transfected
cells (Fig. 4B, lane 1). As expected, Flag-IKKe was detected in the
unbound fraction from control cells that were transfected with
HA-tag empty plasmid and Flag-IKKe (Fig. 4B, lane 3).

Protein expression of IKKe is not affected by NS2B/3 or
NS2B/3-S135A, but DENV infection restricts IKKe kinase activ-
ity. To determine if IKKe is a substrate of DENV NS2B/3 protease,
we conducted a computational analysis to identify putative pro-
tease cleavage sites within the IKKe sequence. We identified two
putative cleavage sites, one in the N terminus of the protein, spe-
cifically in the ATP-binding region of the kinase domain between
residues 30 and 31, and the other in the C terminus between res-
idues 559 and 560 (Fig. 5A). We then evaluated if IKKe expression
was regulated or showed cleavage products after NS2B/3 transfec-
tion or DENV infection. We performed Western blot analysis of
the cells cotransfected with plasmids coding for N-terminally
Flag-tagged IKKe and HA-tagged NS2B/3 or NS2B/3-S135A and
used two different antibodies to increase the chance of detecting
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FIG 5 Analysis of IKKe putative cleavage by DENV protease NS2B/3 and IKKe functionality after DENV infection. (A) Representation of IKKe structure,
including two putative target sites for NS2B/3 protease. (B and C) IKKe cleavage evaluation by Western blotting. (B) 293/TLR3 cells were transfected with
Flag-IKKe- and NS2B/3- or NS2B/3-S135A-encoding plasmids for 48 h, and then the cell lysate (20 pg) was analyzed using an anti-Flag or anti-IKKe antibody.
(C) Mock- or DENV-infected cells after 24 h postinfection analyzed for IKKe endogenous expression in 40 pg of whole-cell extract using an anti-IKKe antibody.
(D) IKKe functionality evaluation. In the top blot, the cells were transfected with IKKe for 24 h, and then infected with DENV-2 for another 24 h to evaluate the
ability of DENV to affect IKKe-associated phosphorylation of $386-IRF3. (E) Densitometric analysis of pS386-IRF3 protein levels. The results were normalized
to GAPDH. The asterisks represent a significant fold change compared to IKKe-transfected cells using one-way ANOVA: *, P < 0.05; **, P < 0.01 (n = 2). Each

bar represents the mean = SEM.

the potential cleavage products of IKKe. The antibodies used were
an anti-Flag antibody that can recognize the transfected protein
and any N-terminal cleavage product and a monoclonal anti-
IKKe antibody that recognizes residues surrounding Val345 and
that will therefore detect cleavage products containing those resi-
dues. The results show that IKKe was equally expressed in cells
transfected with NS2B/3 or NS2B/3-S135A. Furthermore, we de-
tected only unique specific bands with no presence of cleavage
products using two different antibodies (Fig. 5B). This effect was
also observed in DENV-infected cells, in which neither IKKe en-
dogenous expression was regulated nor its cleavage products de-
tected after DENV infection (Fig. 5C).

Because the expression of the protease did not affect IKKe ex-
pression, we wanted to ascertain if IKKe functionality was affected
by viral infection. For this, we overexpressed IKKe in 293/TLR3
cells to evaluate by immunoblotting whether DENV antagonizes
specific IKKe-induced S386-IRF3 phosphorylation activity (Fig.
5D). A densitometric analysis of the cells that were infected with
DENV only showed a significantly lower level of S386-IRF3 phos-
phorylation than cells transfected with IKKe (P < 0.001) (Fig. 5E).
However, when lysates of the infected/transfected cells were com-
pared with lysates from cells that were transfected only, DENV
infection caused a significant reduction in the IKKe-associated
kinase activity that phosphorylates S386-IRF3 (P < 0.05).

NS2B/3 restricts the kinase domain of IKKe. To examine the
potential effect of NS2B/3 structure on IKKe functionality, we
employed a computational docking approach that allows for the
prediction of protein-protein interactions. As no crystal structure
data are currently available for IKKe, we first generated a predicted
structure for IKKe using the protein fold recognition server
Phyre®. This software modeled the three-dimensional (3D) struc-
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ture of IKKe using as a template the crystal structure of the kinase
TBK1 (PDB ID, 4IM2) available in the Protein Data Bank. The
software modeled 610 residues of IKKe with 100.0% confidence
by the single highest-scoring template and generated the second-
ary structure prediction. TBK1 and IKKe are homologous pro-
teins with similarly organized kinase domains and that share
>70% amino acid sequence identity (37-39). The output of the
3D structure of IKKe was used to run an in silico analysis of the
protein-protein interactions using the fully automatic ClusPro 2.0
docking server.

The modeled structure shows the domains and functional re-
gions of the two interacting proteins (Fig. 6). The side view shows
that the NS2B/3 protease complex potentially binds the N-termi-
nal region of IKKg¢, specifically masking part of the kinase domain.
The top view shows more clearly the binding of NS2B/3 to part of
the IKKe ATP-binding region (Fig. 6, middle panels). The
close-up panels show docking of the viral protease at the ATP-
binding region of the kinase and how this interaction masks the
accessibility of the ATP-binding Lys38 residue and the proton
acceptor Asp135.

DISCUSSION

Type I IFNs have an important role in antiviral host defense, but
their responses are not completely understood in DENV infec-
tion. To date, most studies have focused on IFN signaling and
described the mechanisms of immune evasion of DENV involving
the JAK-STAT pathway. For example, the transfection of cells with
NS4B partially blocks the activation of STAT1 and IFN--stimu-
lated gene expression (40). Similarly, the viral polymerase NS5
binds STAT?2 to induce its proteasomal degradation and thereby
inhibits IFN responses (22, 41). Less is known about evasion of

Clinical and Vaccine Immunology


http://cvi.asm.org

IKKe

NS2B/3

NS2B/3 Interacts with IKKe

IKKe-NS2B/3

side
Catalytic
triad
Kinase
domain
3 ATP
Y binding
” region
top

FIG 6 Interaction model of human IKKe with the NS2B/3 protein complex. Shown are the molecular surfaces for human IKKe and NS2B/3 (PDB ID, 2FOM)
separated and docked with a side view (upper panel) and a top view (lower panel). The yellow residues represent the IKKe protein kinase domain, residues in
orange represent the ATP-binding region, and the remaining residues are shown in gray. Blue residues represent the NS2B/3 complex, and magenta represents
the catalytic triad (His51, Asp5, and Ser135). The close-up panels (bottom) illustrate in red two important residues in the kinase domain, Lys38 (ATP-binding)
and Asp135 (proton acceptor). The model was generated using the fully automatic ClusPro 2.0 protein-protein docking server and visualized using PyMOL.

DENV of the IFN induction pathway, but recently, the DENV
NS2B/3 protease was identified as a relevant viral protein in that
process (26, 42). In the present study, we performed a series of in
vitro and computational experiments to better understand the
strategies that DENV employs to inhibit S386-IRF3 phosphoryla-
tion during infection and how the NS2B/3 protease modulates
IKKEe, one of the main kinases associated with the IFN induction
pathway.

Regardless of which PRR is stimulated after viral infection, in
most cell types, IKKe and TBK1 are the kinases responsible for
IRF3 phosphorylation, and the phosphorylation of serine residues
in its C-terminal regulatory region is the most critical step in IRF3
activation (6). The roles of specific phosphorylation sites of IRF3
are a subject of some controversy; however, it is clear that IRF3 has
two important phosphorylation sites: site 1, which includes S385
and S386, and site 2, which principally includes S396 and S398
(30). The data support a two-step phosphorylation model where
phosphorylation at S396 results in IRF3 dimerization and the re-
moval of an autoinhibitory structure that allows the dimer to in-
teract with the coactivator CBP/p300, which in turn facilitates
phosphorylation at S385 or $386 (43). In this study, we sought to
determine whether DENV regulates IRF3 phosphorylation at
$386, which has been suggested to be a major determinant of IRF3
activation (31). Western blot analysis demonstrated that after
DENV infection of 293/TLR3 cells, the virus has the ability to
actively block RLR-induced IRF3 activation by inhibiting S386-
IRF3 phosphorylation. We also observed a moderate impact on
S386 phosphorylation when the TLR3 pathway was stimulated
(Fig. 1). These results are supported by previous studies showing
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DENV inhibition of IRF3 phosphorylation at S398 (44). Taken
together, these results suggest that DENV can inhibit IRF3 phos-
phorylation of at least two different serines of the IRF3 phospho-
serine cluster necessary for its activation. The impact of HCV in-
fection on the phosphorylation of IRF3 at different serine residues
has also been assessed and was similarly found to inhibit the phos-
phorylation of both serines (45).

The immunofluorescence analysis used to evaluate the nuclear
translocation of IRF3 supports the results of the Western blot
assays. DENV infection blocks RLR-induced nuclear transloca-
tion of IRF3 and moderately reduces TLR3-induced translocation
(Fig. 2). Moreover, DENV completely abolished the detection of
cytoplasmic and nuclear pS386-IRF3 after infection or dual treat-
ment with infection and RLR-associated stimulation. The virus
was unable to inhibit pS386-IRF3 translocation after TLR3-asso-
ciated stimulation. The immunofluorescence results demon-
strated the ability of the virus to actively block IRF3 and pS386-
IRF3 nuclear translocation.

In our studies, we observed that DENV delays the early innate
immune response more effectively by blocking the RLR pathway
than the TLR3 pathway (Fig. 1 and 2). The relevance of the RLR
pathway in DENV has been assessed and demonstrated delayed
activation of RIG-I compared to MDAS5 after DENV infection of
HUH-7 cells up to 48 h postinfection (46). Furthermore, Ubol et
al. (47) showed that DENV causes reduced RIG-I expression at 12
h postinfection, without any effect on MDA5. Studies have dem-
onstrated the relevance of the length of dsRNA to the activation of
the innate immune response and identified long poly(I-C) as being
essential for MDA5-mediated IFN production and short poly(I-C)
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as necessary for activation of the RIG-I pathway (32). Considering
that we transfected cells with low-molecular-weight poly(I-C), we
can argue that the RIG-I pathway is probably the major target in
our experiments and also the major target of the innate immune
response for DENV.

Recent studies identified DENV protease as an important viral
protein related to the subversion of IRF3 phosphorylation at the
S396 residue (42). Here, we showed that 293/TLR3 cells trans-
fected with the enzymatically active protease (NS2B/3) exhibited a
significant reduction in the level of RLR-induced S386-IRF3 phos-
phorylation (Fig. 3), which is in agreement with previous studies
that identified the requirement of the catalytically active viral
protease complex for reducing type I IFN production (34). Inter-
estingly, we showed that the catalytically inactive protease moder-
ately inhibited IRF3 activation. Studies that evaluated DENV-
mediated inhibition of Japanese encephalitis virus-induced
$396-IRF3 phosphorylation produced similar results, showing the
partial inhibition of IRF3 phosphorylation when NS2B/3-S135A
was expressed in A549 cells (42). Recently, studies of HCV dem-
onstrated that the NS2 protease inhibits Sendai virus-induced ex-
pression of the IFN- promoter regardless of the proteolytic ac-
tivity of NS2 (48). Moreover, engagement of the arenavirus
nucleoprotein seems to sequester IKKe into an inactive complex
without any proteolytic processing (49). These results support a
model in which DENV protease, like the proteases of other vi-
ruses, can operate by catalysis-dependent and -independent
mechanisms to inhibit the IFN induction pathway.

We studied IKKE, one of the two kinases associated with IRF3
phosphorylation. First, we sought to determine whether viral pro-
tease physically interacts with this kinase. Interaction experiments
using PLA and coIP demonstrated that both NS2B/3 and NS2B/
3-S135A are able to interact with the kinase, but the IKKe-NS2B/
3-S135A interaction seems to be stronger than the interaction
with the active protease (Fig. 4). At this point, we have no exper-
imental evidence to explain this phenomenon, but our results
suggest that the IKKe-NS2B/3 interaction is mediated by a catal-
ysis-independent mechanism, and it is possible that catalysis-
dependent activity modulates the stability of this interaction,
which would be consistent with the IRF3 phosphorylation results
(Fig. 3).

Our observation is supported by recent findings demonstrat-
ing that the DENV NS2B/3 protease physically interacts with
STING, and the interaction induces the cleavage of STING by a
catalysis-dependent mechanism (26, 42). Furthermore, these
studies showed that both the catalytically active and inactive forms
of the protease coimmunoprecipitated with STING, which is in
agreement with our observations. Those data and our results sup-
port that the viral protease in both its active and inactive forms
interacts with at least two different proteins of the IFN induction
pathway, namely, STING and IKKe. Studies that characterized the
role of STING in the multiprotein complex that induces type ITFN
revealed that STING dimerizes and acts as a scaffold protein to
recruit IKKe/TBK1 and IRF3 (50, 51). In this scenario, the DENV
protease-mediated cleavage of STING alters the assembly of the
complexes required for IRF3 activation and can thus explain the
reduced IKKe-NS2B/3 interaction that we observed. However, in
the absence of cleavage, the complex will still be stable, allowing a
stronger IKKe-NS2B/3-S135A interaction. Nevertheless, under-
standing the dynamics of multiprotein complexes is challenging
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and will require more studies to decipher the component func-
tions.

The interaction between IKKe and NS2B/3 can be explained by
two different events. One possible mechanism involves protease
binding to IKKe to induce its proteolytic cleavage. Although the
kinase has two putative cleavage sites, our assay did not detect any
IKKe cleavage products (Fig. 5A to C). The second mechanism
may be that the association of the viral protease with the cellular
kinase interferes with the IKKe activity domains. Here, we con-
firmed the impact of this IKKe-NS2B/3 interaction on kinase
functionality by showing that infection with DENV significantly
decreases IKKe kinase activity (Fig. 5D). This result strongly sug-
gests that DENV negatively alters the kinase activity of IKKe.

In order to better understand the IKKe-NS2B/3 interaction, we
conducted a docking computational analysis to model the struc-
tural basis of the interaction. We obtained evidence showing that
the NS2B/3 protease interacts with IKKg, specifically with the ki-
nase domain (Fig. 6). The adopted conformation masks the pro-
tein kinase and ATP-binding domains by steric hindrance, which
supports the previous observation of an interaction between the
two proteins that is independent of the proteolytic activity of
NS2B/3. This interaction model supports the experimental obser-
vation of a DENV-associated inhibition of IKKe kinase function
(Fig. 5D). Our structural analyses are relevant because the inter-
action of NS2B/3 with IKKe may not only affect the physical in-
teraction of IRF3 with the kinase domain of IKKEg, but it may also
interfere with the access of other important proteins of the multi-
protein complex that induces type I IFN transcription. A similar
mechanism of inhibition has been described in another positive-
stranded RNA virus: the papain-like protease of coronavirus an-
tagonizes the innate immunity by disrupting the assembly of the
STING-MAVS-IKKe/TBK1 complex (11). Thus, further studies
with IKKe may reveal the mechanistic details that modulate this
innate immune response.

In summary, this study describes a new unrecognized function
of DENV NS2B/3. DENV protease counteracts the IFN induction
pathway through direct interaction with IKKe by catalysis-depen-
dent and -independent mechanisms interfering with the kinase
activity of IKKe. DENV NS2B/3 plays a role in DENV pathogenic-
ity, and therefore the knowledge gained by characterizing the
mechanisms through which DENV evades innate immunity
might provide insights that will spark the development of novel
therapeutic strategies against this virus.
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