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Introduction

Summary

Dengue is the most prevalent arboviral disease worldwide. The outcome of
the infection is determined by the interplay of viral and host factors. In the
present study, we evaluated the cellular response of human monocyte-
derived DCs (mdDCs) infected with recombinant dengue virus type 1
(DV1) strains carrying a single point mutation in the NS3y,. protein (L435S
or L480S). Both mutated viruses infect and replicate more efficiently and
produce more viral progeny in infected mdDCs compared with the parental,
non-mutated virus (vVBACDVI1). Additionally, global gene expression
analysis using cDNA microarrays revealed that the mutated DVs induce the
up-regulation of the interferon (IFN) signalling and pattern recognition
receptor (PRR) canonical pathways in mdDCs. Pronounced production of
type I IFN were detected specifically in mdDCs infected with DV1-NS3,.-
mutated virus compared with mdDCs infected with the parental virus. In
addition, we showed that the type I IFN produced by mdDCs is able to
reduce DV1 infection rates, suggesting that cytokine function is effective but
not sufficient to mediate viral clearance of DV1-NS3},-mutated strains. Our
results demonstrate that single point mutations in subdomain 2 have
important implications for adenosine triphosphatase (ATPase) activity of
DV1-NS3y,. Although a direct functional connection between the increased
ATPase activity and viral replication still requires further studies, these
mutations speed up viral RNA replication and are sufficient to enhance viral
replicative capacity in human primary cell infection and circumvent type I
IFN activity. This information may have particular relevance for attenuated
vaccine protocols designed for DV.
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membrane (M) and envelope (E) proteins [5]. Upon infec-
tion of host cells, the DV ssRNA serves as a template for

Dengue is a serious worldwide public health problem that
is endemic in more than 100 countries in Latin America,
Africa, Southeast Asia and the Pacific Islands. The World
Health Organization estimates that approximately 400 mil-
lion people are infected annually, and that a total of 2-5 bil-
lion people live in areas posing a risk of infection [1-3].
Dengue virus (DV) has a positive single-stranded RNA
(ssRNA) belonging to the genus Flavivirus of the Flaviviri-
dae family. The DV genome encodes a single open reading
frame (ORF) that is flanked by two untranslated regions (5
and 3’ UTRs) [4]. The infectious RNA is surrounded by a
nucleocapsid (C protein) as well as a lipid membrane and

the translation of three structural (C, prM and E) and
seven non-structural (NS1, NS2A, NS2B, NS3, NS4A,
NS4B and NS5) proteins and subsequently as the template
for RNA synthesis [5]. The structural proteins are essential
components of the virion and play roles in viral entry,
fusion and assembly. In contrast, the functions of the
non-structural proteins are not completely understood;
however, all these proteins have been implicated in DV rep-
lication, and several play important roles in immune eva-
sion [6-10]. In particular, NS3 and NS5 are multi-
functional proteins within the major enzymatic compo-
nents of the viral replication complex [11,12]. The NS3
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protein specifically contains a serine protease domain at its
N-terminus and a helicase domain at the C-terminus. The
latter domain possesses three different enzymatic activities:
RNA triphosphatase (RTPase), RNA helicase and nucleo-
side triphosphatase (NTPase), which play a role in ssRNA
virus replication [12,13]. Furthermore, NS3 has a pivotal
function in viral particle assembly; namely, in the cleavage
of the C-prM precursor by the NS2B-NS3 protease [14,15].

The four dengue serotypes are referred to as DV1, DV2,
DV3 and DV4 and are closely related [16-18]. Infection
with any one of the four DVs can cause a spectrum of clini-
cal manifestations, ranging from self-limiting non-sympto-
matic disease to dengue fever (DF), with symptoms
including headache, fever, arthralgia, myalgia, nausea,
vomiting and/or rashes [19,20]. DF can evolve into dengue
haemorrhagic fever (DHF), which may progress to dengue
shock syndrome (DSS) and patient death. DHF involves
bleeding, thrombocytopenia and plasma leakage, which are
attributed to increased vascular permeability [20,21].
Although DV strains that correlate directly with disease
severity have not been identified, differences in the intrinsic
biological properties and the replication rate of various
DV strains are known to influence the pathogenesis of
dengue [22].

In natural infection, dendritic cells (DCs) are one of the
primary cells targeted by DV infection, and these cells rep-
resent a central link between the innate and the adaptive
immune responses [23,24]. DCs can sense viral RNA using
a unique mechanism due to their expression of pattern
recognition receptors (PRRs), such as Toll-like receptors
(TLRs) and/or retinoic acid-inducible gene (RIG)-like
receptors (RLRs) [25,26]. ssRNA sensing by PRR stimulates
a pathway that culminates in the production of type I
interferon (IFN) (IFN-a and IFN-B), which induces an
anti-viral state in cells via induction of the expression of
IFN-stimulated genes (ISGs) that prevent viral replication
[27]. However, it is noteworthy that certain DV strains
have evolved several escape mechanisms to subvert and
evade the human innate immune response mediated by
type I IFN. For example, DV-2 (particularly the 16681 and
NGC strains) non-structural proteins are associated with
inhibition of type I IFN action. NS2A, NS4A and NS4B
interfere specifically with this signalling pathway, thereby
inhibiting the Janus kinase—signal transducer and activator
of transcription (JAK-STAT) pathway [28]. In addition,
NS2B/3 protease directly cleaves the stimulator of the IFN
gene (STING), leading to suppression of type I IEN pro-
duction [29,30], and NS5 mediates STAT-2 degradation
[31,32]. However, these escape mechanisms appear to be
strain-dependent and not serotype-specific [33].

In a previous study, we constructed recombinant DV1
viruses carrying a single point mutation (L435S or L480S)
affecting the NS3;,; protein, which were identified during a
dengue neuropathogenesis study. The recombinant viruses
(VBACDV1-NS3,55 and vBACDVI1-NS3,45,) exhibited
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enhanced replicative capacity both in vivo (murine model)
and in vitro (human and mosquito cell lines) [34]. In mice,
a significant increase in the mortality rate was observed
after infection with the vVBACDV1-NS3,35 and vBACDV1-
NS3,50 recombinant viruses compared with the vVBACDV1
parental strain, suggesting that the emergence of a high
degree of replication early observed during viral infection
may play an important role in DV pathogenesis [34]. In
the present study, to evaluate the cellular response in an
environment correlated closely with natural infection, we
analysed the in-vitro infection of human monocyte-derived
DCs (mdDCs) with recombinant VBACDVI1-NS3,35 or
VBACDV1-NS3,5, or the parental strain of virus. Signifi-
cant amounts of type I IFN were produced by the mdDCs,
but the anti-viral activity of type I IFN was not sufficient to
abrogate cell infection with the NS3-recombinant strains.
The data presented here suggest that the NS3 helicase
domain is an important virulence factor, and this informa-
tion contributes to our understanding of DV pathogenesis
and may provide the basis for rational vaccine design
strategies.

Materials and methods

Human primary dendritic and cell lines cultures

Peripheral blood mononuclear cells from 30 healthy volun-
teers were collected by peripheral venue puncture after
informed consent forms were signed, and the cells were used
to generate mdDCs. The experimental protocol was approved
by the FIOCRUZ Research Ethics Committee (number
514/09). Mononuclear cells were separated by density gradi-
ent centrifugation using lymphocyte separation medium
(Lonza, Walkersville, MD, USA), and monocytes (CD14™
cells) were purified by magnetic immunosorting (Miltenyi
Biotec, Auburn, CA, USA), according to the manufacturer’s
recommendations. The plastic adherence technique was also
employed for monocyte purification (1-5 h in a plastic bottle
with non-supplemented RPMI-1640 medium (Lonza). The
monocytes were cultured for 6-7 days in RPMI-1640
medium supplemented with 100 ng/ml interleukin (IL)—4
(PeproTech, Rocky Hill, NJ, USA), 50 ng/ml granulocyte—
macrophage colony-stimulating factor (GM-CSF; PeproTech)
and 10% fetal bovine serum (FBS), 100 IU/ml penicillin,
100 pg/ml streptomycin, 0-25 pg/ml amphotericin B and
2 mM L-glutamine (Gisco-BRL, Grand Island, NY, USA).
Immunophenotyping was determined using antibodies
against CD1la, CD1lc, CD11b, CD209, humal leucocyte
antigen D-related (HLA-DR) and CD14 that were conju-
gated to the fluorescein isothiocyanate (FITC), phycoery-
thrin (PE), peridinin chlorophyll (PerCp), allophycocyanin
(APC), APC-H7 and AmCyan fluorochromes, respectively
(Becton Dickinson, San Jose, CA, USA). After 30 min of
incubation at 37°C, the cells were washed with phosphate-
buffered saline (PBS; Lonza), and the staining was evaluated
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using a fluorescence activated cell sorter (FACS)Canto II
(Becton Dickinson). The analysis was performed in a flow
cytometry facility (RPTOS8L PDTIS) at Carlos Chagas Insti-
tute—Fiocruz/PR. The acceptable phenotypical values for
the cells were greater than 85% for CDla®, CDIlc",
CD11b", CD209" and HLA-DR™ and below 5% for CD14"
(Fig. S1).

C6/36 cells (Aedes albopictus; American Type Culture
Collection, Manassas, VA, USA; CRL-1660) were grown at
28°C in Leibovitz L-15 medium supplemented with 5%
FBS, 0-26% tryptose and 25 pg/ml gentamicin (all reagents
from Gisco-BRL).

Vero E6 cells (African Green monkey kidney cells, a sub-
clone of Vero 76; CRL-1586) were propagated at 37°C in
Dulbecco’s modified Eagle’s F-12 medium (DMEM-F12)
supplemented with 10% FBS and 10 pg/ml penicillin
and streptomycin (all reagents were purchased from
GiBco-BRL).

Viruses

The recombinant viruses VBACDV1, vBAC-NS3,35 and
VvBAC-NS3,59 used in this study were obtained from an
infectious clone of DV1 [34]. To generate working virus
stocks, three rounds of infection in the C6/36 mosquito cell
line at multiplicities of infection (MOIs) of 0-01 were per-
formed during 5 days of infection. The cell culture super-
natants were then titrated using focus-forming assays [35]
and were used to infect mdDCs. A mock-infected prepara-
tion was obtained from non-infected C6/36 cells using the
same protocol.

Recombinant vesicular stomatitis virus (VSV)-green flu-
orescent protein (GFP) was kindly provided by Dr Joao
Trindade Marques of the Federal University of Minas
Gerais (UFMG). To grow the VSV-GFP, Vero E6 cells were
infected with viruses at an MOI of 0-01, and the cell culture
supernatants were recovered at 24 h post-infection (hpi).
VSV-GEFP titres were determined by a plaque assay using
Vero E6 cells. Briefly, monolayers of Vero E6 cells in 24-well
plates were infected with serially diluted samples of
VSV-GFP in serum-free DMEM-F12. After the cells were
incubated in a 5% CO, incubator for 1 h at 37°C, the inoc-
ulum was removed and a 1:6% carboxymethyl cellulose
(CMC) complete DMEM overlay was added. The cell
monolayers were then incubated for 24 h prior to counter-
staining the plaques using a crystal violet solution. VSV-
GFP at an MOI of 5 was then used to infect mdDCs. A
mock-infected preparation was obtained from non-
infected Vero E6 cells using the same protocol.

Viral genome sequencing

To confirm the identity of the viruses and to avoid any spu-
rious mutations, complete viral genome sequences were
determined after mdDC infection. Viral RNA was purified

from the supernatant of the infected cells using the
QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA, USA).
The resulting RNA was reverse-transcribed with ImProm-II
Reverse Transcriptase (Promega, Madison, WI, USA) in the
presence of random primers (100 pmol/pl; Invitrogen,
Carlsbad, CA, USA), and the entire genome was amplified
with specific primers for nucleotide sequencing by poly-
merase chain reaction (PCR) (Macrogen Sequencing Serv-
ice, Seoul, South Korea).

mdDC infection and type I IFN production

To evaluate the susceptibility of mdDCs to infection with
DV strains, 5-0 X 10° cells (from six different healthy
donors) were infected with vBACDV1, vBAC-NS3,35 or
vBAC-NS3 5, or were mock infected at an MOI of 5 for 2 h
at 37°C and 5% CO,. After incubation, the cells were
washed with fresh medium and plated in 24-well plates in
0-5 ml supplemented RPMI-1640. Cells and supernatants
were recovered at 8, 24 and 48 hpi. The supernatants were
used to determine viral titres via focus-forming assay and
to determine type I IFN levels using cytometric bead array
technology (Becton Dickinson) for IFN-« and a VeriKine™
human IFN-B enzyme-linked immunosorbent assay
(ELISA) Kit (PBL, Piscataway, NJ, USA) for IFN-B, accord-
ing to the manufacturer’s instructions. The infected cells
were also assessed by flow cytometry. To determine the num-
ber of infected mdDCs, cells were washed with PBS and
blocked with 5% FBS and 1% human serum type AB
(Lonza) for 20 min at room temperature (RT). The cells
were then fixed and permeabilized with a Cytofix/Cytoperm
kit (Becton Dickinson) for 20 min at RT. Next, the cells were
washed and stained with the monoclonal antibody (mAb)
4G2 (flavivirus-specific) in Perm/Wash buffer for 20 min at
37°C. After washing, the cells were incubated with secondary
antibody in Perm/Wash buffer (donkey anti-mouse polyclo-
nal antibody conjugated to Alexa Fluor 488; eBioscience,
San Diego, CA, USA) for 30 min. The cells were also stained
with a monoclonal antibody (mAb) against CD11c (conju-
gated to PE fluorochrome; Becton Dickinson). Finally, the
cells were washed in PBS and analysed using a FACSCanto II
(Becton Dickinson). The cytometry data files were analysed
with FlowJo software 2-2 -8 (Tree Star Inc., Ashland, OR,
USA) and piva software (Becton Dickinson).

To determine the binding affinity of the recombinant
viruses for mdDCs, cells infected with vBACDV1, vBAC-
NS3,35 or vBAC-NS3,4, or mock-infected controls were
incubated at an MOI of 5 for 2 h at 4°C. The cells were
then washed with ice-cold PBS to remove unbound virus,
followed by incubation as described previously. The per-
centage of infection and the viral genome were then
assessed by flow cytometry and quantitative reverse tran-
scription—polymerase chain reaction (qQRT-PCR), respec-
tively, in six cultures.
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Microarray experiments, bioinformatic analyses
and qRT-PCR

Cultures of mdDCs from 10 different donors were mock-
infected or infected with vBACDV1, vBAC-NS3,35 or
VBAC-NS3,4, at an MOI of 5 for 2 h in the absence of FBS.
After the viral inocula were removed, the cells were cul-
tured in RPMI-1640 plus 10% FBS, 100 IU/ml penicillin,
100 pg/ml streptomycin, 0-25 pg/ml amphotericin B and
2 mM L-glutamine (GiBco-BRL) [36]. The cells were then
collected at 8, 24 and 48 hpi, and total RNA was extracted
using the RNeasy Mini Kit (Qiagen), according to the man-
ufacturer’s recommendations. RNAs from all 10 mdDC
groups were pooled (75 pg of each) for the microarray
experiments and compared with RNAs from mock-infected
cells using Human Gene 1-0 ST version 1 array GeneChip
slides from Affymetrix (Santa Clara, CA, USA). The RNA
pools were processed according to the manufacturer’s rec-
ommendations regarding amplification, in-vitro transcrip-
tion, purification, tagging, hybridization and slide-
scanning (GeneChip® Scanner 3000).

The .cel extension files, which contain images depicting
the expression levels detected during the scanning process,
were analysed for quality using Expression Console soft-
ware (Affymetrix). The same software was used to normal-
ize the data by the Robust Multi-array Average (RMA)
method [37]. Log ratios between vBACDV1-, vBAC-
NS3435- or VBAC-NS3,4,-infected mdDCs and mock-
infected mdDCs intensity signal values were generated, and
a list of differentially expressed genes was obtained using
the criterion of a fold change (FC) > 2. Data clustering was
performed using Cluster version 3-0 software with a Eucli-
dian distance. The Tool for Analysis of GO Enrichments
(TANGO) function in Expander software was used to
obtain gene ontologies (GOs) with a statistical enhancer
value of 0-05. The NCBI Entrez Gene database (www.ncbi.
nih.gov) and the Gene Ontology database (www.geneontol-
ogy.org) were used to define the most relevant cell signal-
ling and metabolic pathways during mdDC infection with
vBACDV1, VBAC-NS3,35 or VBAC-NS3,5,. To determine
the canonical pathways for different modulated genes, the
expression data were analysed using Ingenuity Pathway
Analysis (IPA) software (Redwood City, CA, USA). The
entire set of supporting microarray data was deposited in
the Gene Expression Omnibus (GEO) public database
under registration number GSE50698.

To confirm the microarray results, we selected three
modulated genes for qRT-PCR analysis [myxovirus resist-
ance 1 (MX), eukaryotic translation initiation factor 2-
alpha kinase 2 (EIF2ak2) and STAT-2; the primer sequences
are presented in Table S1]. mdDCs from six different
donors were mock-infected or infected with vBACDV1,
VBAC-NS3,35 or vBAC-NS3,4, at an MOI of 5 for 8, 24 or
48 hpi. Briefly, total RNA was extracted with an RNeasy
Mini Kit (Qiagen), according to the manufacturer’s recom-
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mendations, and cDNA was generated using random pri-
mers (Invitrogen) and reverse transcriptase (Promega).
qRT-PCR amplifications were performed using the SYBR
Green Master Mix (Applied Biosystems, Inc., Grand Island,
NY, USA). The following cycles were used for DNA ampli-
fication: 50°C for 2 min; 96°C for 10 min; and 40 cycles of
96°C for 15 s, 59°C for 30 s and 72°C for 1 min. Melting
curves were used to verify product specificity. The house-
keeping gene 18S was also included to normalize the ampli-
fication reaction [36]. Gene modulation was calculated by
adapting the 2~ 4" method described by Livak et al. in
2001 [38].

The same qRT-PCR protocol as described above was
used to determine the mRNA levels for DV1-NS3 and other
IFN-related human genes, including the genes encoding
TLR-3, TLR-7, IFN-a, IFN-B, ISG56, I kappa B alpha
(IkBa), RIG-I and melanoma differentiation-associated
gene 5 (MDA5). For these quantifications, mdDCs were
infected with a mutated (VBAC-NS3,35 or vVBAC-NS3,4,)
or parental (vBACDV1) DV strain at an MOI of 5, and the
cells were recovered at 2, 8, 24 and 48 hpi for total RNA
extraction.

Type I IFN functional experiments

To evaluate the role of type I IFN throughout mdDC infec-
tion with the DV parental strain or a mutated strain, six
mdDC cultures were infected at an MOI of 5 for 2 h. The
cultures were then incubated with RPMI medium
(untreated cells), recombinant IFN-a (rIFN-o; 200 U/ml;
Blausiegel, Sao Paulo, SP, Brazil), anti-human IFN-o/(
receptor chain 2 neutralizing antibody (a-IFN-R2; 3-0 pg/
ml; PBL, Piscataway, NJ, USA) or isotype control (mouse
anti-GFP mAb; 3-0 pg/ml). The level of rIFN-a used was
determined in a dose-response experiment (Fig. S2), and
the levels of a-IFN-R2 used were based on the manufac-
turer’s recommendation. After 8, 24 and 48 hpi, the per-
centage of infected mdDCs was determined by cytometry,
as described above, for all types of mdDC infection.

NS3,,. expression and purification

Plasmid DNA (pET28a; Novagen, Madison, WI, USA) con-
taining recombinant sequences from the NS3;. DENV-1
FGA/89 strain (NS3 WT) (GenBank Accession number
AF226687) or the mutant NS3;, 435Mut (GenBank
Accession number AF226686-1) NS3; 480Mut (GenBank
Accession number EF122231-1) or NS3;,. 200Mut (enzy-
matically inactive K200A mutant) was transformed into
Escherichia coli Rosetta-gami 2 (DE3) host cells. We con-
structed the NS3p, 200Mut mutant for use as a negative
control for the ATPase assay. It was shown previously that
substitution of the corresponding K200 residue in DV-2
greatly reduces ATPase and RNA helicase activities [39].
Cultures were induced at 30°C in the presence of 0-4 mM
IPTG for 5 h. The cells were then resuspended in buffer A
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[50 mM phosphate buffer (pH 7-4), 0-5 M NaCl and
10 mM imidazole] and lysed using an M-110L Microfluid-
izer processor (Microfluidics, Newton, MA, USA) at 18 000
psi. The lysate was clarified by centrifugation at 30 000 g
for 20 min at 4°C, and additional centrifugation at 50 000 g
for 30 min was performed after addition of 1% of strepto-
mycin sulphate (Sigma, Saint Quentin Fallavier, France) to
the supernatant to remove nucleic acid precipitates. The
supernatant was then filtered through a 0-22 pm syringe fil-
ter and purified by metal affinity using a HisTrap HP col-
umn (GE Healthcare, Piscataway, NJ, USA) and an AKTA
Prime Fast Protein Liquid Chromatography (FPLC) system
(GE Healthcare). Proteins were eluted using a linear gradi-
ent ranging from 40 to 500 mM imidazole equilibrated in
buffer A. The fractions containing Trx-Hiss-NS3p,. were
diluted 1 : 7 with buffer B [20 mM HEPES (pH 7.4)] and
were purified further by ion exchange chromatography
using a HiTrap Heparin HP column (GE Healthcare).
NS3}, was then eluted using a linear gradient ranging from
0-05 to 1-0 M NaCl equilibrated in buffer B and was ana-
lysed by sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) (13%). Protein quantification was
performed at least three times using a Qubit Protein Assay
Kit (Invitrogen).

Nucleotide hydrolysis assay

ATP hydrolysis was determined using a colorimetric assay
measuring inorganic phosphate (Pi) release [40]. In
accordance with [41], we used a 3'-overhang double-
stranded RNA (dsRNA) substrate to stimulate NTPase
activity. For annealing, the complementary oligonucleo-
tides RF (5-AGCACCGUAAAGACGC3’) and R3'-R
(5'-GCGUCUUUACGGUGCUUAAAACAAAACAAAAC
AAAACAAAA-3") were mixed at a 1 : 1 molar concentra-
tion in buffer containing 2 mM HEPES (pH 7-0), 50 mM
NaCl, 0-1 mM EDTA and 0-01% SDS (w/v). The oligonu-
cleotide mix was then heated at 95°C for 5 min, followed
by a linear decrease in the temperature to 20°C to allow
gradual annealing. The dsRNA was purified using illustra
MicroSpin G-25 Columns (GE Healthcare) and was then
quantified spectrophotometrically. RNA-stimulated ATPase
activity was determined as described below, using different
concentrations of dsRNA or adenosine-5'-triphosphate
(ATP) (Affymetrix). For the ATPase assay, purified
recombinant NS3;, variants at a concentration of 80 nM
diluted in protein buffer [50 mM Tris-HCI, (pH 7-5),
300 mM NaCl and 10% glycerol] were incubated for 30
min at 27°C in an equal volume of phosphate-free reaction
buffer [50 mM Tris-HCI (pH 7-5), 25 mM KCl, 2-5 mM
MgCl, and 200 nM purified dsRNA]. Reactions were
started by the addition of different amounts of ATP
(0-2-1-2 mM) to the media. After 10 min at 27°C, 200 pul of
freshly prepared malachite green reagent (0-027% mala-
chite green, 0.95% ammonium molybdate in 6 N HCI and

0-38% polyvinyl alcohol) was added to each reaction mix-
ture to form a complex with free orthophosphate. The mix-
ture was then incubated for 5 min at RT, after which 25 pl
of 34% sodium citrate was added to stop colour develop-
ment. The release of Pi was monitored by measuring the
absorbance at 650 nm in a Synergy H1 Hybrid Multi-Mode
Microplate Reader (BioTek, Winooski, VT, USA). NS3;
inactive mutant (K200A) was used as a baseline for the
reactions. Standard curves were generated by diluting phos-
phate buffer to known phosphate concentrations (one
standard curve for each experiment), and the absorbance
values obtained for inactive NS3; (K200A) was used as a
reference (negative control). The samples’ absorbance val-
ues were then fitted to the linear portion of the standard
curve to extrapolate the molar concentration of released
phosphate in each sample. Assays were carried out in tripli-
cate to evaluate the initial rates of ATP hydrolysis. The
results were fitted to the Michaelis—Menten equation by
non-linear regression to determine the constants V., Kea
and Ky, using GraphPad Prism version 5 software (Graph-
Pad Software, San Diego, CA, USA).

Statistical analysis

All data are reported as means and scatter dot-plot
graphics. In addition, all data were submitted to two-way
analysis of variance (aNova) followed by Bonferroni correc-
tion. The level of significance for these analyses was estab-
lished to be P<0-05. The analyses were performed using
GraphPad Prism version 3-0 software.

Results

A high capacity for viral replication is an important viru-
lence factor involved in the pathogenesis of dengue, and
viruses with a more efficient replication cycle tend to cause
more severe symptoms [24,42]. To determine the suscepti-
bility of human mdDCs to infection, cells derived from six
different donors were infected with the parental strain
(VBACDV1) or with the vBAC-NS3,35 or vBAC-NS3,5,-
mutated strain, or were mock-infected, and were then sub-
jected to flow cytometry analysis at 8, 24 and 48 hpi. Repre-
sentative cytometry zebra plots used to determine the
percentage of infected mdDCs are presented in Fig. 1a. The
DV1-NS3p, mutant yielded a higher percentage of
CD11c¢*/4G2™ cells (mdDCs™/DV™) compared with the
parental strain and the mock control at 48 hpi (Fig. la,b).
To determine the replication rates of the DV1 variants in
mdDCs, DVI-NS3 gene expression was analysed. At 2 hpi,
no difference was observed between the parental and the
mutant strains (Fig. 1c), suggesting no differences in viral
attachment and adsorption to mdDCs, but a significant
increase in DV1-NS3 gene expression was observed over
the time-points analysed for the mutant strains compared
with the parental strain (Fig. 1c). Viral progeny were also
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Fig. 1. A single point mutation in the dengue virus type 1 (DV1)-non-structural protein 3 (NS3)y protein enhances viral replicative capacity
during monocyte-derived dendritic cell (mdDC) infection. Immature mdDCs were infected (multiplicicity of infection of 5) with one of three
strains of DV1 (VBACDV1, vBAC-NS3435 or vBAC-NS3480) or were mock-infected. The mdDCs were then analysed at three different time-
points: 8, 24 and 48 h post-infection (hpi). (a) A representative example of dot-plot and gating strategy for analysis of cells from one of six
different donors. Flow cytometry determination was performed for mdDCs [anti-CD11c monoclonal antibody (mAb)-positive cells] infected with
DV (4G2 anti-flavivirus E protein mAb). (b) Percentage of mdDCs from six different donors that were positive for DV infection, as determined
by flow cytometry. (c) Detection of DV non-structural protein 3 (NS3) mRNA in mdDC pellets. The results are expressed as the fold change
(FC) between cells infected with an NS3-mutated strain and mock-infected cells and were normalized to the 18S housekeeping gene using the
2724CT method. (d) Viral progeny were detected by immunodetection of focus-forming units per ml in the supernatant of mdDCs infected with
DV. a = P<0-05 compared with mock; B = P<0-05 compared with vVBACDV1; 8 = P<0-05 compared with vBAC-NS3,3s.

detected in the supernatant of infected mdDCs using a present in virus particles in the supernatants of the infected
focus-forming immunoassay in C6/36 cells. The results mdDCs. No spurious mutations were observed in the sam-
confirm that the increases in the percentage of 4G2 ples, indicating that the observed results were linked exclu-
antibody-positive cells and in viral RNA levels were the sively to the contributions of the L435S and L480S
result of a productive viral infection (Fig. 1d). The presence mutations (data not shown). The data suggest that in
of the mutations L435S and L480S (corresponding to the mdDCs, viruses harbouring L435S or 1480S exhibit
VBAC-NS3,35 and vBAC-NS3,g strains, respectively) was increased viral replicative capacity compared with the
also assessed by sequencing the complete viral genomes parental virus. Although no mutations have been mapped
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Table 1. Kinetic parameters for adenosine triphosphatase (ATPase) hydrolysis of recombinant dengue virus type 1 (DV1) non-structural protein

3 (NS3)},q variants

Vimax (mol/pmol NS3;4/min)

K, (mM)

Kear (s71) Kea/Kem (10° M7's71)

NS83pq WT 10-04 + 3-44
NS3pe 435mue 17-49 + 2.69
NS3he1 4800 24-80 + 4-44

0-1864 + 0-08197
0-1682 * 0-03822
0-2685 * 0-06604

0-1255 + 0-01352
0-2186 * 0-01119
0-3100 * 0-02246

0:6733 = 0-27714
1-2996 * 0-24125
1-1546 £ 0-21322

Parameter values correspond to the non-linear analysis from the substrates curves of three independent experiments.

to the structural proteins of the parental and mutated
viruses, we conducted mdDC infection at 4°C to exclude
any possible differences in the entry steps for the viruses.
There were no differences in the percentages of infected
cells (Fig. S3a) or in viral RNA synthesis (Fig. S3b) at 6 hpi,
suggesting that the same level of infection was observed at
the initial time-points for all three viruses; an increase in
viral RNA replication was observed only at later time-
points in cells infected with the mutated strains.

DVI1-NS3}, drives RNA-unwinding activity using free
energy derived from the hydrolysis of nucleotide triphos-
phate, and it has been suggested that this function facili-
tates the activity of RNA-dependent RNA polymerases
during viral genome replication [39]. To evaluate how the
non-conservative amino acid substitutions at residues 435
and 480 could regulate DV1 replication positively, we used
a recombinant helicase domain of the NS3 protein to mea-
sure the effects of these genetic determinants on RNA-
dependent ATPase activity. We observed that 3’-overhang
dsRNA is an allosteric activator of DV1-NS3y,,, increasing
the rate of ATP hydrolysis in presence of 100-600 nM short
dsRNA (data not shown). For comparative analysis of
ATPase assay results, all experiments were performed to
obtain substrate curves for ATP hydrolysis in the presence
of 200 nM dsRNA and to determine the catalytic parame-
ters according to the V.., Ky and K, values (Fig. S4 and
Table 1). The presence of a serine residue at positions 435
or 480 promoted an increase in the turnover rate constant
(Kcar), enhancing the catalytic efficiency of the enzymes
(Km/Kear) by 1:9- and 1-7-fold, respectively. The results
suggest that single point mutations in NS3y, induce a posi-
tive effect on genome replication by modulating ATPase
activity. We then evaluated how this enhanced replication
affected the DC response to infection.

DCs sense viral infection via PRRs [43]. To evaluate
whether an increase in viral replicative capacity would
induce differential RNA sensing and responses by mdDCs
infected with DV strains, cultures from 10 healthy volun-
teers were infected with vVBACDV 1, vBAC-NS3435 or vBAC-
NS3,59 or were mock-infected for 8, 24 or 48 h, and the
mRNA pools from the mdDCs were used for microarray
hybridization. For each infection condition, the following
gene expression was observed in the mdDCs: 125 genes up-
regulated and 250 genes down-regulated for vBACDV1
(Table S2), 302 genes up-regulated and 144 genes down-

regulated for vBAC-NS34;5 (Table S3) and 199 genes up-
regulated and 131 genes down-regulated for vBAC-NS3,5o
(Table S4). The microarray data were confirmed by qRT—
PCR analyses of the MX1, STAT-2 and EIF2ak2 genes in six
new cultures of infected mdDCs (Fig. S5). Analyses to
determine the enhancement of canonical genetic pathways
with P-values > 5 log, for differentially expressed genes in
infected mdDCs revealed up-regulation of innate immune
response-related groups of genes, including genes related to
IEN signalling (P-value > 8 log,), PRRs (P-value > 6 log,)
and activation of IFN regulatory factors (IRFs) by cytokine
PRRs (P-value > 6 log,). The same differentially expressed
canonical pathways were observed when comparing cul-
tures infected with the parental strain or a mutated strain.
In total, 38% (187 genes) of all differentially expressed
genes were observed in mdDCs infected with the parental
strain or a mutated strain (Fig. 2a), confirming that infec-
tion with mutated strains and infection with the parental
strain induce similar gene modulation.

The canonical pathways with higher differential gene
expression in DV1-infected mdDCs were the IFN signal-
ling and PRR pathways. Analyses of 30 modulated PRR-
related genes with high variation between DV-infected
cells and mock-infected cells revealed that the expression
of the TLR-3 and TLR-7 genes (Fig. 2b, blue arrows) was
up-regulated in mdDCs infected with the DV1-NS3;-
mutated strains, especially at 24 hpi (Fig. 2b). The TLR-3
and TLR-7 gene expression observed via microarray was
confirmed by qRT-PCR analysis of six new cultures of
DVl1-infected mdDCs at 2, 8, 24 and 48 hpi (Fig. 2¢,d).
The same infected cultures were also analysed for differ-
ential modulation of other genes that play a role in the
PRR pathway. RIG-I (Fig. S6a) and MDA5 (Fig. S6b)
gene expression was not modulated differentially in
mdDCs infected with the mutated and parental strains,
suggesting that TLR was the main PRR stimulated in
response to infection with the mutated strains. PRR stim-
ulation culminates in the activation of transcription fac-
tors such as nuclear factor kappa light-chain-enhancer of
activated B cells (NF-kB) and IRF3/7. Mutated viruses
also differentially increased transcription of the IRF3 tar-
get IFN-stimulated gene 56 (ISG56) (Fig. 2e) and the NF-
kB target IkBa (Fig. 2f) in mdDCs. We next evaluated
whether this differential gene expression resulted in IFN-
o production.
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Viral replication can directly trigger DC activation, and
can therefore stimulate the production of immunological
mediators [44]. In the current study, despite the higher
percentage of infected cells (Figs 1b and 3a) and differential
gene expression (Fig. 2e,f) in mdDCs infected by the
mutated viruses, the secretion of IFN-a was similar to that
observed for infection with the parental strain (Fig. 3b).
We sought to determine whether the experimental condi-
tions used (MOI of 5) might explain the observed discrep-
ancy. To evaluate whether infection at an MOI of 5 would
lead to saturation conditions, with a plateau for IFN-a
secretion in vitro, mdDCs were infected at an MOI of 1.
Higher percentages of infected cells were obtained for
DV1-NS3;, mutated viruses compared with the parental
strain at 48 hpi (Fig. 3c). Similar results were observed for
viral NS3 protein mRNA levels in infected mdDCs (Fig.
S7). Interestingly, at the lower MOI of 1 and at later time-
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points (24 and 48 hpi), the mutated viruses induced a sig-
nificant increase in IFN-a secretion in infected mdDCs
compared with the parental strain (Fig. 3d). These results
suggest a plateau in IFN-a production in mdDCs infected
at the MOI used in the previous experiments (MOI of 5)
and indicate a direct correlation between viral replication
and IFN-a production by infected mdDCs. To confirm this
potential plateau in IFN-a production in infected mdDCs,
cell cultures were infected with VSV, which induces high
amounts of type I IFN. Infection of mdDCs with VSV
(Fig. S8) or DV1 (Fig. 3b) at an MOI of 5 induced similar
levels of IFN-a secretion, indicating a plateau (i.e. a
limited amount of secretion) in the production of this
cytokine, depending on the absolute number of cells in the
cultures.

To evaluate whether type I IFN would control DV1-
NS3;-mutated virus replication, mdDCs were infected
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Fig. 3. The multiplicity of infection of dengue virus type 1 (DV1) non-structural protein 3 (NS3)} mutated strains is associated with differential

levels of type I interferon (IFN) secretion by monocyte-derived dendritic cells (mdDCs). A summary of the flow cytometry results for the
detection of mdDCs [anti-CD11c monoclonal antibody (mAb)-positive cells] infected with DV (4G2 anti-flavivirus E protein mAb) at a
multiplicity of infection (MOI) of 5 (a) or 1 (c). Quantification of IFN-a levels in the supernatants of six cultures of mdDCs infected with DV
at an MOI of 5 (b) or 1 (d). « = P<0-05 compared with mock; 3 = P<0-05 compared with vBACDV1.

(MOI of 5) with vBACDVI1, vBAC-NS3,35 or vBAC-
NS3,4509, or mock-infected and treated with rIFN-a or a
neutralizing mAb against human IFN o/ receptor chain 2
(a-IFN-R2). The percentage of infection was assessed by
flow cytometry assays (Fig. 4). Treatment with rIFN-a
reduced the infection rates of the parental virus (Fig. 4a)
and the mutated viruses (Fig. 4b,c) significantly, suggesting
that DV1 strains cannot block type I IFN function in
mdDCs. Additionally, at later time-points, treatment with
an o-IFNR2 antibody resulted in increased percentages of
positive cells infected with the mutated viruses (Fig. 4b,c).
The average percentages of vBAC-NS3,35-infected cells and
vBAC-NS3,g-infected cells increased from 20 to 50% fol-
lowing treatment with the antibody, reinforcing the notion
that IFN-« is able to restrict viral spread and further repli-
cation. The levels of [FN-« observed in the supernatant of
mdDC cultures were consistent with the treatment data
and with our previous experiments (Fig. S9). Taken

together, these results suggest that I[FN-« is able to reduce
the percentage of mdDC infection by DV1-mutated strains,
but due to the high replication rate this decrease is not suf-
ficient to abrogate (or limit) the infection.

Discussion

The nature of the pathophysiological mechanisms trigger-
ing DF, the severe forms of dengue (DHF and DSS) and
unusual DF manifestations remain unclear. Nevertheless,
viral strain characteristics attributable to intrinsically high
rates of replication [22] and host immune responses
[23,45,46] appear to determine the pathogenesis of dengue.
Therefore, it is important to investigate further how viral
genetic determinants co-operate with immunological fac-
tors and contribute to severe clinical outcomes or protec-
tion. Recently, our group demonstrated that the presence
of a mutation affecting the DV1-NS3}, protein (L435S or
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monocyte-derived dendritic cell (mdDC) infection by dengue virus
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DV1-NS3},e mutation alters IFN response of mdDCs

L480S) correlates with increased viral replicative capacity
both in vitro and in vivo by increasing RNA synthesis and
the viral load, as well as by enhancing the inflammatory
profile and mouse mortality [34]. In the present study, we
sought to investigate how the same DV1-NS3.-mutated
strains (VBAC-NS3,35 or vVBAC-NS3,4,) could modulate
response of the primary targets of DV infection, human
mdDCs [47]. Dendritic cells play a key role as an innate
immune cell, triggering adaptive immune responses
[23,24,45].

We demonstrated that the presence of mutations at the
NS3 helicase surface subdomain 2 increased the ATPase
activity of both NS3p,, mutants by more than 1-7-fold in
vitro. As NS3 is a multi-functional protein and has at least
three different activities (a serine protease domain, an RNA
helicase domain and an RNA triphosphatase domain), we
assessed if the mutations in the helicase domain could
influence the protease activity. The cleavage efficiency of
mutants and parental DENV-1 NS2BNS3 proteins was ana-
lysed using synthetic substrates and no differences in the
proteolytic activity were observed (data not shown).
Thereby, these viral genetic markers contribute to viral rep-
licative capacity gains, improving infection and replication
rates and increasing viral progeny in human mdDCs by
stimulating NS3 ATPase activity without affecting the pro-
teolytic function of the protein. In an attempt to under-
stand the molecular events behind the enhanced ATPase
activity of NS3 variants L435S and L480S, we analysed the
available crystal structures of NS3 in apo and in several
ligands bound states. Interestingly, L435 belongs to a B-
hairpin from the subdomain 2 that has been proposed to
be important in the dsRNA unwinding mechanism.
According to this study, this B-hairpin element could func-
tion as a ‘helix opener’ and a ‘stabilizer’ of the unwound
duplex. Therefore, we can hypothesize that substitution of
L435 by a polar residue (Ser) might have an effect on the
disruption of base-pair hydrogen bonds of the dsRNA,
favouring the NS3 RNA-stimulating ATPase activity. The
effect of the L480S mutation on NS3 ATPase activity is
more intriguing. According to the structural data available,
1480 is located in the linking region between subdomains
II and III, far away from the ATP hydrolytic site and, in
contrast to L435, is not likely to participate directly in the
interaction with the RNA strand. Nevertheless, structural
analysis showed that NS3 undergoes major conformational
changes upon RNA binding, in particular a reorientation
of the protein subdomains [48]. We are tempted to specu-
late whether a change of residues composition in the sub-
domains linker could play a role in NS3 structural
flexibility and, by consequence, affect the catalytic activity.
Matusan et al. suggested the importance of selected clusters
of charged amino acids outside helicase and ATPase motifs
in the DV-2 NS3 helicase region for enzyme activity and
viral replication [39]. Besides that, this study demonstrated
that mutations abolishing ATPase and helicase activity in
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vitro also prevented virus replication and viral yield. It is
therefore likely that individual residues that modulate the
NS3},¢ enzymatic activities could establish the relative con-
tribution to virus replication. Based on these findings, we
speculate that the modulation of ATPase activity caused by
the presence of non-conservative mutations at positions
435 and 480 of the DV1-NS3 protein might play a role in
the helicase activity of the enzyme, thus promoting more
efficient viral genomic RNA synthesis by the NS5 RNA-
dependent RNA polymerase. The Flavivirus life cycle con-
sists of multiple steps involving RNA and both viral and
host proteins that mediate important viral activities. Muta-
tions interfering with specific functions of these elements
could determine differences in viral replicative capacity,
adaptability and pathogenicity. In a recent study, it was
observed that benzoxazole inhibits the action of the NS3¢
protein in the four DV serotypes, inhibiting DV replication,
and that a single point mutation in the NS3 helicase
domain could confer resistance to this compound, acting
as escape mutant [49].

Recently, studies have evaluated the response of DV-
infected cells using microarray technology. The results
established substantial activation of innate immune
response-related genes, mediated primarily through type I
IFN [50-54]. In the present work, global gene expression
analyses using cDNA microarrays revealed different levels
of genes related to canonical pathways, with major modula-
tion of the PRR and IFN signalling pathways in mdDCs
infected with mutated viruses compared with the parental
strain. These two pathways are fundamental in the innate
immune response, functioning to sense ssSRNA and to pre-
vent viral infection/replication [25,26,43]. A detailed analy-
sis of the differentially expressed genes (by microarray and
qRT-PCR) in the PRR pathway revealed that the TLR-3
and TLR-7 genes were modulated differentially in mdDCs
infected with the DV1-NS3y,-mutated strains. A Gaussian
pattern of TLR-3 and TLR-7 gene modulation, with ele-
vated expression at 24 hpi and decreased expression at 48
hpi, was observed specifically. A similar gene expression
pattern was verified for IL-6 [55] during mdDC matura-
tion, with high levels of modulation noted at the median
time-point. Accordingly, sensing of viral RNA by TLR-3
and TLR-7 can modulate cell susceptibility to DV by induc-
ing the secretion of type I IEN [51,52]. Nasirudeen et al.
confirmed that human macrophages lacking TLR-3, which
is a major receptor involved in the defence against DV, as
mediated by IFN-B, were highly susceptible to DV infec-
tion [53]. Just et al. also showed that macrophages or DCs
exhibiting the type I IFN receptor-knock-out phenotype
were susceptible to infection by DV [54].

To elucidate the type I IFN secretion pattern in mdDCs
infected with the DV1 parental strain or a mutated strain,
the levels of these cytokines were assessed in culture super-
natants. No differential secretion of type I IFN was
observed when cells were infected with the parental strain

or a mutated strain at an MOI of 5. A plateau of produc-
tion might explain this observation; that is, the maximum
level of type I IEN secretion may be limited by the number
of mdDCs in cultures stimulated with DV. In 1998, Marcus
et al. observed a plateau in type I IFN secretion using
chicken embryo cells infected with VSV, which corrobo-
rates our findings [56]. To address this issue, mdDCs were
infected with DV at an MOI of 1 (X5 less than used previ-
ously) to assess lower levels of stimulation by viral RNA
and viral replication. At this MOI, a significant increase
in the IFN-a concentration was obtained in cultures
infected with DV1-NS3; -mutated strains compared with
the vBACDV1 parental strain at 48 hpi. This finding indi-
cates that, at a lower level of simulation, the in-vitro cell
culture system was not saturated, resulting in elevated pro-
duction of IFN-a by mdDCs infected with vBAC-NS3,35 or
VvBAC-NS3,50. These data corroborate previous work dem-
onstrating that type I IFN production is dependent upon
viral replication but that IFN levels can plateau [56].

To evaluate the role of type I IFN in mdDC susceptibil-
ity, infections were conducted before treatment with
rTFN-a as well as before type I IFN pathway inhibition via
a neutralizing mAb against human IFN receptor 2 (a-IFN-
R2). The results demonstrated an important reduction in
infected cells after treatment with rI[FN-«, and a significant
increase in the infection level was observed in mdDCs after
treatment with a-IFN-R2, particularly for NS3;-mutated
strains compared with vBACDV1. These data support the
notion that type I IFN is able to control the infection of
mdDCs by DV, but due to the increased replicative capacity
observed in the mutated strains, the IFN produced by the
cells during the course of infection is not able to eliminate
the viruses. Umareddy et al. demonstrated DV strain speci-
ficity for the ability to suppress the type I IFN response in
vitro. Both low- and high-laboratory-passage DV strains, as
well as recent clinical isolates, have been used to infect
human cell lines. The results have shown that modulation
of type I IFN signalling differs, depending on the DV strain
[33]. These data reinforce our findings and demonstrate
that infection control by type I IFN might vary depending
on the DV strain and also expose the complex interplay of
DV and host cell factors, which may impact dengue patho-
genesis and prophylaxis.

The results presented suggest that the NS3 mutations
enhance viral replicative capacity in the mutated strains,
leading to bypass of the anti-viral functions of type I IFN
via a high rate of virus growth. Furthermore, it has been
demonstrated that the enhanced virulence of human and
avian influenza A virus (FLUAV) strains and their ability to
antagonize IFN induction in virus-infected cells correlate
with single amino acid differences in the sequence of the
NS1 protein [57]. Grimm et al. have also observed that
mice lacking the Mx1 gene were more susceptible to infec-
tion with the influenza A strain hvPR8 compared with the
standard PRS strain [58]. HvPR8 is more virulent than the
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standard strain (PRS8), given its enhanced fitness via
increased replicative capacity, efficiency in host cell entry
and early gene expression, resulting in enhancement of
pathogenic infection by counteracting the anti-viral
response of the infected host [58].

In this study, we have demonstrated that unique muta-
tions in the viral genome can modify the progress of DV
infection in human cells. Single mutations (L435S and
L480S) in the DV1-NS3;, protein increase catalytic activ-
ity, which is related to the enhancement of viral replicative
capacity, thereby strengthening the replication efficiency
and consequently the virulence of these viruses. Enhanced
replication is followed by increased stimulation of type I
IFN production by mdDCs which, in turn, is not capable
of abolishing viral infection. These findings unveil the role
of single point mutations in DV phenotypes, altering viral
replicative capacity and consequently the host innate
immune response. These results might contribute to the
rational design of effective anti-dengue attenuated vaccines
and treatments.
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Fig. S1. Monocyte-derived dendritic cell (mdDC) pheno-
type. Expression of molecular markers on the surface of
mdDCs in six cultures. Percentages of CD14% (circles),
CDla™" (squares), CD11c” (triangles over), CD11b™ (tri-
angles under), CD209" (diamonds) and human leucocyte
antigen  D-related (HLA-DR)* (hexagons)  cells.
a = P<0-05 compared with the isotype control.

Fig. S2. The influence of various recombinant interferon
(rIFN)-a concentrations on dengue virus (DV)-infected
monocyte-derived dendritic cells (mdDCs). (a) A repre-
sentative example of a dot-plot for and gating of cells
from one of six donors. Flow cytometry determination
was performed for six cultures of mdDCs [anti-CD11c
monoclonal antibody (mAb)-positive cells] infected with
DV (4G2 anti-flavivirus E protein mAb) and either left
untreated or treated with 20, 100 or 200 U/ml recombi-
nant interferon (rIFN)-a after infection. (b) A summary
of the results for the percentage of mdDCs positive for
DV infection, as determined by flow cytometry.
a=P<0:05 compared with mock; B=P<0-05 com-
pared with vBACDV1.

Fig. S3. The presence of mutations does not alter the
binding affinities of viruses during monocyte-derived
dendritic cell (mdDC) infection. A binding assay was per-
formed to define the affinity of dengue virus type 1
(DV1) non-structural protein 3 (NS3);,; mutated viruses
for mdDCs. (a) Percentage of mdDCs from six different
donors that were positive for DV infection, as determined
by flow cytometry. (b) Determination of DV-NS3 mRNA
in mdDC pellets. The results are expressed as the fold
change (FC) between cells infected with an NS3-mutated
strain and mock-infected cells and were normalized to
the 18S housekeeping gene using the 22T method. The
results are expressed as a ratio of the fold increase at 8 h
post-infection (hpi). o = P<0-05 compared with mock;
B = P<0-05 compared with vBACDV1.

Fig. 4. Single point mutations at the 435 or 480 position
in the dengue virus type 1 (DV1) non-structural protein
3 (NS3)pq protein enhance adenosine triphosphatase
(ATPase) activity. (a) Representative sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(13%) showing the expression and purification of the
four variants of NS3,.. The gel was stained with Coomas-
sie blue. The molecular mass standard is indicated on the
left (sizes in kDa). (b) Initial rates of ATP hydrolysis by
NS3;,; variants in the presence of 200 nM of dsRNA and
different concentrations of ATP. The rates of Pi release
from three independent experiments were normalized
against the baseline of NS3;,.; 200Mut, and the data were
fitted to the Michaelis—Menten equation by non-linear
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regression. The continuous lines are the best-fitting
hyperbolas for each ATP concentration.

Fig. S5. Validation of microarray data using biological
replicates of monocyte-derived dendritic cells (mdDCs)
infected with dengue virus (DV). Myxovirus resistance
1 (MX1), signal transducer and activator of
transcription-2 (STAT-2) and eukaryotic translation ini-
tiation factor 2-alpha kinase 2 (EIF2ak2) quantitative
reverse transcription—polymerase chain reaction (qRT-
PCR) in six cultures of DV-infected mdDCs.
a=P<0:05 compared with mock; B=P<0-05 com-
pared with vBACDV1.

Fig. S6. Gene expression of pattern recognition receptor
(PRR) pathway components in dengue virus (DV)-
infected monocyte-derived dendritic cells (mdDCs). (a)
Retinoic acid-inducible gene 1 (RIG-I) and (b) melanoma
differentiation-associated gene 5 (MDA5) quantitative
reverse transcription—polymerase chain reaction (qRT-
PCR) in six cultures of DV-infected mdDCs. The results
represent relative gene expression, normalized based on
the expression of the housekeeping gene 18S in six cul-
tures of mdDCs.

Fig. S7. The fold change in NS3 mRNA at various
multiplicities of infection (MOIs) in monocyte-derived
dendritic cells (mdDCs). Real-time quantitative poly-
merase chain reaction (PCR) analyses of the gene
expression of the non-structural protein 3 (NS3) viral
protein’s mRNA in six cultures of mdDCs infected with
dengue virus (DV) at an MOI of 5 (a) or 1 (b).
a=P<0:05 compared with mock; B=P<0-05 com-
pared with vBACDV1.

Fig. S8. Infection of monocyte-derived dendritic cells
(mdDCs) with vesicular stomatitis virus (VSV). (a) Per-
centage of mdDCs positive for VSV infection by flow
cytometry and (b) quantification of interferon (IFN)-a
levels in the supernatants of six cultures of dengue virus
(DV)-infected mdDCs. a=P<0-05 compared with
mock.

Fig. S9. Interferon (IFN)-a concentrations in the super-
natants of dengue virus (DV)-infected monocyte-derived
dendritic cells (mdDCs). A summary of the results for
the IFN-a concentrations (pg/ml) in the supernatants of
six cultures of DV-infected mdDCs [vBACDV1 (a),
vBAC-non-structural protein 3 (NS3),35 (b) and vBAC-
NS3,50 (¢)]. The mdDCs were left untreated (open
circles) or were treated with recombinant IFN-a (200 U/
ml) (open squares), the neutralizing monoclonal antibody
(mAb) «-IFN-R2 (open triangles over) or an isotype-
control mAb (open triangles under). € = P<0-05 com-
pared with untreated; I' = P<0-05 compared with «-
IFN-R2; = P<0-05 compared with the isotype control.
Table S1. Primers names, gene ID, sequences, annealing
temperatures, amplicon sizes and cDNA concentrations
used in quantitative polymerase chain reaction (qPCR).
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Table S2. Description of genes modulated in mdDCs by comparison with values for the expression in mock-
infected with vBACDV1, by comparison with values for infected mdDCs.

the expression in mock-infected monocyte-derived den- Table S4. Description of genes modulated in monocyte-
dritic cells (mdDCs). derived dendritic cells (mdDCs) infected with vBAC-
Table S3. Description of genes modulated in monocyte- NS3480, by comparison with values for the expression in
derived dendritic cells (mdDCs) infected with vBAC-NS3,3s, mock-infected mdDCs.
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