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a b s t r a c t

Eighteen dengue viruses (DENVs) representing all four serotypes, isolated from pediatric patients at chil-
dren’s hospital, Queen Sirikit National Institute of Child Health, Bangkok, Thailand exhibiting a diverse
spectrum of disease ranging from uncomplicated dengue fever (DF) to severe dengue hemorrhagic fever
(DHF), were tested for their ability to attach to host cells, replicate and interfere with the IFN� signal-
vailable online 21 June 2009

eywords:
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nterferon

ing pathway by interfering with signal transducer and activator of transcription 1 (STAT-1) function.
Although most isolates suppressed IFN�-induced STAT-1 phosphorylation, our results showed no differ-
ence between DENV strains associated with DF and those associated with DHF. However, the DHF isolates
tended replicate to higher titers in dendritic cells (DCs) than the DF isolates, but this ability was indepen-
dent of their cell-binding capability. Our results suggest that the emergence early in infection of viruses

licati

eplication
F
HF

with a high degree of rep

. Introduction

The dengue viruses (DENVs) are single-stranded, positive-sense
NA viruses in the family Flaviviridae and consist of four antigeni-
ally related but distinct serotypes denoted DENV-1 to DENV-4,
hich are transmitted to humans by mosquito vectors, primarily

edes aegypti. These viruses have a genome of approximately 11 kb
ontaining one open reading frame that encodes three structural
roteins, capsid (C), pre-membrane/membrane (PrM/M), and enve-

ope (E), and seven non-structural (NS) proteins, NS1, NS2A/2B, NS3,
S4A/4B, and NS5, flanked by 5′- and 3′-non-translated regions

5′NTR/3′NTR).
Dengue (DEN) has reached epidemic proportions in the trop-

cs and subtropics and has even spread to some temperate regions
ith the result that it is now the most widespread and prevalent
rthopod-borne viral disease of man. It is estimated that more than
00 million people are infected annually, typically resulting in a
elatively mild, acute febrile illness called dengue fever (DF). How-
ver, some individuals, particularly those who have had a previous

∗ Corresponding author. Tel.: +1 301 319 9223; fax: +1 301 319 9661.
E-mail address: chunlin.zhang@amedd.army.mil (C. Zhang).

168-1702/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.virusres.2009.05.016
on fitness may play an important role in DENV pathogenesis.
Published by Elsevier B.V.

DENV infection, may go on to develop a more severe disease spec-
trum called dengue hemorrhagic fever (DHF) sometimes leading to
dengue shock syndrome (DSS) (Halstead and Simasthien, 1970). Of
the estimated one million cases of DHF/DSS per year, about 5% are
fatal (Lei et al., 2001).

Epidemic transmission of DENV leading to large outbreaks of
DF and DHF previously occurred about every 10–40 years; how-
ever, now large epidemics occur every 3–5 years (Cummings et al.,
2004). The factors responsible for the increased frequency and size
of DEN epidemics are not known. It can be speculated upon rising
global temperature, changes in rainfall pattern and human/vector
population density, rapid transportation, and virus strains may also
play an important role. The data from epidemiological studies show
that the introduction of genetically distinct Asian DENV-2 strains
into the Americas was associated with an increase in DHF/DSS
cases (Rico-Hesse et al., 1997). Furthermore, these newly intro-
duced viruses exhibit changes, most notably within the E gene
and the 5′NTR/3′NTR, which may correlate with increased dis-

ease severity (Mangada and Igarashi, 1997; Pandey and Igarashi,
2000). Nevertheless, it has not been possible to conclusively asso-
ciate viral genotypic changes with changes in virus transmissibility
and pathogenicity due to the lack of satisfactory in vitro or in vivo
disease models. However, recent studies of DENV infection of pri-

http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:chunlin.zhang@amedd.army.mil
dx.doi.org/10.1016/j.virusres.2009.05.016
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Table 1
Sample information of the 18 DENV isolates used in the comparative study.

Virusesa Diseases Infections Sex Age
(years)

GenBank
accession #

DENV-1
ThD1-0008/81 DHF II Primary F 0.5 AY732483
ThD1-0081/82 DF Primary F 12 AY732481
ThD1-0323/91 DHF III Primary M 4 AY732478
ThD1-0097/94 DHF II Secondary M 10 AY732480
ThD1-0488/94 DF Primary M 4 AY732475

DENV-2
ThD2-0498/84 DHF IV Primary M 14 DQ181804
ThD2-0433/85 DHF IV Secondary M 4 DQ181803
ThD2-0026/88 DF Secondary M 13 DQ181802
ThD2-0017/98 DF Secondary M 14 DQ181799
ThD2-0078/01 DHF III Secondary F 8 DQ181797

DENV-3
ThD3-0055/93 DHF II Primary F 2 AY676351
ThD3-0104/93 DF Secondary F 13 AY676350
ThD3-1283/98 DF Primary M 3 AY676349
ThD3-1687/98 DHF III Secondary M 11 AY676348

DENV-4
ThD4-0017/97 DF Secondary M 10 AY618989
ThD4-0476/97 DHF II Secondary F 8 AY618988
ThD4-0734/00 DF Secondary M 15 AY618993
ThD4-0485/01 DHF I Secondary M 6 AY618992
2 R. Takhampunya et al. / Vi

ary human dendritic cells (DCs), which are believed to play an
mportant role in primary viral infection, demonstrate that DENV
trains associated with more severe disease also exhibit a higher
evel of infectivity and cytokine induction more than attenuated
trains (Lozach et al., 2005; Navarro-Sanchez et al., 2003; Sanchez
t al., 2006; Wu et al., 2000). Therefore, these cells may provide a
ew tool to study the relationships between DENV genotype and
isease severity.

All four DENV serotypes have been co-circulating in Thailand for
any years. Results of DENV surveillance from children’s hospital

n the Queen Sirikit National Institute of Child Health (QSNICH),
angkok show that the number of DF and DHF cases caused by
ach serotype increased dramatically after the 1990s (Nisalak et
l., 2003). However, the results of our investigation of the molec-
lar epidemiology of DENVs circulating in Bangkok area over the
ast three decades show that the predominant genotype for each
erotype remained unchanged (Klungthong et al., 2004; Zhang
t al., 2005; Zhang et al., 2006). This suggests that the observed
ncrease in total DEN cases is not due to the introduction of
ew genotypes, but is attributable to existing strains. Comparative
nalysis of the complete genomic sequences of Thai DENV rep-
esentative strains revealed significant amino acid (aa) mutations
cross almost the entire genome, particularly within the NS genes
unpublished data), which leads to the hypothesis that mutations
n the NS genes might allow the virus to counter the host’s antiviral
esponses, including the interferon-alpha (IFN�) response. Recent
eports show that NS2A, NS4A, and especially NS4B of DENV play
role in inhibition of host interferon responses (Ho et al., 2005;
unoz-Jordan et al., 2005, 2003).

IFN� is a critical cytokine released by a variety of cell types
ncluding DCs and serves to limit viral replication prior to
ull recruitment of antigen-specific humoral and cell-mediated
mmune responses. The IFN-mediated antiviral responses occurs

hen IFN� produced from virus-infected cells binds to the IFN�
eceptor on the surface of infected or bystander cells, result-
ng in the activation of the Janus kinase (JAK)/signal transducer
nd activator of transcription (STAT) pathway. Once activated,
hosphorylated STAT translocates to the nucleus where it binds
romoter regions in consensus DNA-recognition sites for transcrip-
ion of numerous IFN-stimulated genes and induction of antiviral
esponses. Many pathogenic viruses including DENV encode pro-
eins that direct mechanisms to counter the IFN response (Ho et al.,
005; Jones et al., 2005; Munoz-Jordan et al., 2003; Samuel, 2001).

Prior to this study we speculated that the increased incidence
f severe DENV illness might be related to mutations in viral NS
roteins that antagonize host IFN pathways and allow the virus to
artially escape the host’s immune defense system. A comparison
f the sequences of DENV strains isolated from DF and DHF patients
eveals genetic changes within the E gene that might enhance virus
ttachment to and replication in host cells (Bennett et al., 2006).
n the present study we found that while most of our DENV iso-
ates suppressed IFN�-induced STAT-1 phosphorylation, there was
o significant difference between the DF and DHF isolates in this
egard. However, our results showed that the viral isolates from
HF patients exhibited higher levels of replication in human DCs

han that from DF patients, although the increased replication rate
as not associated with increased attachment of virus to the host

ells.

. Materials and methods
.1. Viruses

Eighteen DENV isolates representing all four serotypes (Table 1)
elected from a large DENV bank collected from the children’s hos-
a Viruses used in this study were isolated from patients admitted to Children’s
Hospital, QSNICH, Bangkok, Thailand, graded as DF or DHF I to IV by experienced clin-
icians based on WHO’s scale for DEN disease severity, and serologically characterized
as primary or secondary infection.

pital of the QSNICH, Bangkok over the period 1981–2001, were
tested in this study. All samples were from cases that had been clin-
ically graded based on the WHO guidelines for DF and DHF/DSS and
were well characterized both serologically and molecularly. These
viruses were first amplified in Toxorhynchites splendens mosquitoes
followed by one to three passages (7 days for each passage) in
C6/36 mosquito cells, and then serotyped by both an antigen cap-
ture enzyme linked immunosorbent assay (ELISA) and a two step
nested RT-PCR, and genotyped by phylogenetic analysis of the virus
E gene sequences. The complete genomes of these selected trains
representing each serotype and genotype were then sequenced
and analyzed. The background epidemiological and methodical
data are described elsewhere (Klungthong et al., 2004; Zhang
et al., 2005; Zhang et al., 2006). A brief description of 18 sam-
ples for the study and their accession numbers in GenBank are
listed in Table 1. Viral infectivity titers were determined by the
plaque forming unit (PFU) assay in Vero cells, and expressed as
PFU/ml.

2.2. Raji DC-SIGN transfected cells

DC-SIGN (dendritic cell-specific intercellular adhesion molecule
3-grabbing non-integrin) Raji cells are a Burkitt’s lymphoma-
derived lymphoblastoid cell line stably transfected with DC-SIGN,
a C-type lectin known as a receptor for dengue virus bind-
ing, internalization and infection (Alen et al., 2009; Lozach et
al., 2005; Marijke et al., 2009; Navarro-Sanchez et al., 2003;
Tassaneetrithep et al., 2003). The cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS),
1% l-glutamine and 1% Penicillin/Streptomycin at 37 ◦C with 5%
CO2 and 95% relative humidity and used for cellular attachment
studies.
2.3. Dendritic cells (DCs)

Peripheral blood mononuclear cells (PBMCs) were isolated from
human whole-blood units of healthy, dengue seronegative con-
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ties of 18 DENV isolates (i.e., the eight DF-causing isolates and 10
DHF-causing isolates shown in Table 1) to DCs and DC-SIGN trans-
fected Raji cells. As shown in Fig. 1, the laboratory DENV strain
S16803 bound efficiently to both cell types. However, experiments
conducted at 0 ◦C to limit virus internalization, followed by pro-

Fig. 1. Binding assay: Binding of laboratory DENV strain S16803 to DC-SIGN trans-
fected Raji cells and human Dendritic (DCs). Cells were infected with DENV serotype
R. Takhampunya et al. / Vi

enting donors under a protocol approved by the Human Subjects
esearch Review Board (HSRRB) of the Walter Reed Army Institute
f Research. Monocytes (CD14+ cells) were separated from PBMCs
y a magnetic column according to the manufacturer’s instruc-
ions (Miltenyi Biotech, Inc., Auburn, CA). Monocyte-derived DCs
ere generated by culturing monocytes in RPMI 1640 medium

upplemented with 10% FBS, 1% minimum essential amino acids,
% l-glutamine, 1% sodium pyruvate, 1% Penicillin/Streptomycin,
0 �g/ml rhuIL-4 and 3.5 �g/ml rhuGM-CSF at 37 ◦C with 5% CO2
nd 95% relative humidity for 7 days (Palmer et al., 2005). The purity
f cells was assessed by flow cytometry using a panel of antibodies
nown to target DCs markers including CD11c and CD1a (Palmer et
l., 2007; Palmer et al., 2005; Sun et al., 2006). The majority of DCs
>95%) were CD11c+ and CD1a+, <1% of the cells expressed CD14.

onocytes do not survive the culture conditions outlined above
nd they could be excluded from the monocyte-derived DCs used
n this study.

.4. A Real time quantitative reverse transcriptase-polymerase
hain reaction (qRT-PCR) assay

The primers and probes used to measure viral RNA copy num-
ers for specific DEN serotypes 1–4 were designed for a target in
he C gene and described by Sadon et al. (2008). The copy number
f viral RNA was calculated based on a known amount of standard
iral RNA.

.5. To measure the capability of virus binding

To determine whether DENV has the similar capability of bind-
ng in Raji DC-SIGN transfected cells as in the DCs, a DENV-2
aboratory strain (S16803) was tested first in both cells and then
8 Thai DENV strains were tested in Raji cells. The Raji and DCs
ere washed with ice cold 10% FBS/RPMI 1640 medium twice

nd then chilled on ice for 30 min. Cells at a concentration of
.5 × 105 cells/ml were incubated with DENV at multiplicity of
nfection (MOI) = 1 PFU/cell for 1.5 hours (h) at 0 ◦C in serum-free
PMI 1640 medium containing 1% minimum essential amino acid,
% l-glutamine, 1% sodium pyruvate, 1% Penicillin/Streptomycin
ith frequent shaking. Unbound viruses were removed by three
ashes in cold 5% FBS/RPMI 1640 medium, then cold 0.01 M phos-
hate buffered saline (PBS) only, followed by suspension in 200 �l
f cold PBS. Half of the cells were treated with 0.5 �g/ml Proteinase
(Sigma–Aldrich, St. Louis, MO) at 0 ◦C for 1 h to remove cell sur-

ace bound DENV. Cells were washed with cold PBS three times and
hen bound viral RNA was extracted using Trizol reagent (Invitro-
en, Carlsbad, CA) following the manufacturer’s protocol. The total
ound viral RNA copy number was measured by a real-time one-
tep qRT-PCR assay.

.6. To determine virus replication efficiency in DCs

The DCs (1 × 106/ml) were infected with 18 DENV strains at
OI = 1 and incubated at 37 ◦C with 5% CO2 for 2.5 h. Infected

ells were washed twice with 10% FBS/RPMI 1640 medium (Invit-
ogen, Carlsbad, CA) supplemented with 1% minimum essential
mino acid, 1% l-glutamine, 1% sodium pyruvate and 1% Peni-
illin/Streptomycin to remove excess viruses. Virus supernatants
ere collected after 24, 48 and 72 h post infection. Virus RNA was

xtracted from 140 �l culture supernatant using a QIAmp Viral

NA Mini kit by following the manufacturer’s instructions (Qiagen,
alencia, CA). The copy number of viral RNA was measured by a

eal-time one-step qRT-PCR assay using the QuantiTect Probe RT-
CR kit (Qiagen, Valencia, CA) and an ABI 7000 Sequence Detection
ystem (Applied Biosystem, Foster City, CA).
search 145 (2009) 31–38 33

2.7. To determine the inhibition of STAT-1 phosphorylation in
DENV infected DCs

DCs (1 × 106/ml) were infected with seven DENV strains
(S16803, ThD2-0026-88, ThD2-0433-85, ThD4-0017-97, ThD4-
0476-97, ThD4-0734-00 and ThD4-0485-01) at MOI = 1 at 37 ◦C
with 5% CO2 for 2.5 h. Infected cells were washed twice with 10%
FBS/RPMI 1640 medium (Invitrogen, Carlsbad, CA) to remove excess
viruses. The viral RNA copy number in infected DCs was measured
by the qRT-PCR assay. In some experiments, the ability of viral iso-
lates to inhibit STAT-1 phosphorylation in DCs was assessed 24 h
post infection. Cells were harvested after infection and then treated
with 1000 U/ml IFN� (type I) (PBL Interferon Source, Piscataway,
NJ) at 37 ◦C with 5% CO2 for 1 h followed by lysing with 100 �l lysis
buffer [10 mM Tris–Cl (pH 7.5), 1 mM EDTA, 2 mM dithiotheitol, 0.1%
Triton X-100] and protease inhibitor cocktail (Sigma–Aldrich, St.
Louis, MO). Cell lysates were clarified by centrifugation at 5000 rpm
at 4 ◦C for 5 min and then the supernatants were collected for
SDS-PAGE gel electrophoresis and immunoblotting. Briefly, equal
volumes of lysates of DENV infected DCs were subjected to SDS-
PAGE on a 8% gel then transferred to nitrocellulose membrane and
analyzed by Western Blotting with rabbit anti-STAT-1, phospho-
STAT-1 (Cell signaling technology Inc, Danvers, MA) at a dilution
of 1:1000 or human GAPDH loading control antibody (Chemicon
International Inc., Temecula, CA) at a dilution of 1:1000 followed by
HRP-conjugated goat anti-rabbit secondary antibody (Cell signaling
technology Inc. Danvers, MA) at a dilution of 1:1000. Membranes
were incubated with ECL chemiluminescence substrate at room
temperature for 5 min (Amersham GE, Buckinghamshire, UK) then
exposed to hypersensitivity X-ray film (Amersham GE).

3. Results

3.1. Comparison of the cell-binding efficiency of DF- and
DHF-associated DENV isolates to DCs and DC-SIGN transfected
Raji cells

To determine whether the severity of disease associated with
the different DENV isolates was correlated with the efficiency of
viral attachment to host cells, we measured the binding capabili-
type 2 (strain S16803) at 0 ◦C for 1.5 h. After excessive washes with PBS to remove
unbound viruses, surface bound virus was determined by a real time qRT-PCR assay.
Verification that virus particles were surface bound was obtained in concurrent
experiments performed with cells treated with 0.5 �g/ml proteinase K for 1 h at 0 ◦C
to remove bound viruses. The histograms shown represent one of three independent
experiments.
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Fig. 2. (A) Mean viral RNA copy numbers were measured in 48 h post-infection supernatants collected from DF and DHF-infected human DCs from 3 to 5 donors (each bar
represent mean ± SD for DF = 6.62 × 104 + 2.24 × 105; DHF = 1.04 × 105 ± 2.26 × 105 viral RNA copy No. (B) Replication kinetics of DF isolate ThD2-0026-88 and DHF isolate
ThD2-0433-85 in human DCs. Human DCs from five donors were infected with each isolate at an MOI of 1.0 and viral RNA copy numbers in harvested supernatants were
measured at the indicated times by qRT-PCR.
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Table 2
Binding assay of Thai DENV in Raji-DC-SIGN cells.

Disease severity Dengue virus serotypes

1 2 3 4

DF 1.75 × 107 ± 1.73 × 107 1.02 × 108 ± 1.70 × 108 8.11 × 106 ± 5.70 × 105 3.19 × 105 ± 3.55 × 105

DHF 1.99 × 108 ± 3.30 × 108 3.46 × 106 ± 4.86 × 106 3.53 × 106 ± 3.83 × 106 1.92 × 105 ± 2.68 × 105

The same amount of each virus (MOI = 1) was incubated with Raji-DC-SIGN cells for 1.5 h at 0 ◦C. After five washes with PBS, cell-bound viruses were determined by a real
time qRT-PCR assay. Each data set was from two independent experiments.

Table 3
The replication efficiency of DENV in human DCs.

Diseases severity Dengue virus serotypes

1 2 3 4

D 5 5 3 4 × 103 4 4 4 4

D × 105
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F 2.16 × 10 ± 4.27 × 10 1.41 × 10 ± 2.4
HF 2.89 × 105 ± 3.82 × 105 5.44 × 104 ± 1.08

he replication efficiency of DENV in human DCs was determined as viral RNA co
fficiency of each isolate was tested in human DCs from 3 to 5 different donors.

einase K treatment to detach bound virus, showed that relatively
ore viruses bound to DC-SIGN transfected Raji cells (70%) com-

ared to DCs (44%). This result might indicate greater variability
f DC-SIGN expression on human DCs, which were obtained from
ifferent donors. Therefore, all subsequent measurements of the
ell-binding capability of 18 DENV isolates were carried out in DC-
IGN transfected Raji cells and the amount of bound viruses was
etermined by real time qRT-PCR assay. Although the isolates varied

n the ability to bind to the DC-SIGN transfected Raji cells (Table 2),
here was no significant difference in the cell attaching capability
f DF and DHF-associated virus strains.

.2. Comparison of the replication efficiency of DF- and
HF-associated viral isolates in human DCs

We then evaluated the replication kinetics of the DF- and
HF-associated viral isolates in human DCs. The amount of virus
roduced in the infected cells by DF- and DHF-associated isolates
as measured in supernatants collected from infected cultures at
8 h post-infection by real time qRT-PCR assay, and the average RNA
opy numbers were compared with each other. As shown in Fig. 2(A)
nd Table 3, viruses isolated from DHF patients replicated more
fficiently in human DCs than that of DF isolates. It is also worth
oting that the DHF isolates within each serotype produced more
iral progeny than DF isolates of the same serotype (Table 3).

.3. Comparison of the replication of DF isolate (ThD2-0026-88)
nd DHF isolate (ThD2-0433-85) in human DCs

Previous reports have stated that some strains of the DENV-

are associated with DHF. Our data on replication efficiency of

ENV-2 presented in Table 3 showed that viruses isolated from
he DHF cases had high replication efficiency in DCs than viruses
solated from DF cases. We, therefore, further examined the repli-
ation kinetics of DF and DHF isolates in DC cultures derived from

able 4
ummary of amino acid changes between DHF and DF-associated DENV isolates.

engue viruses Disease severity Changes of amino acida (gene and position numbe

PrM E NS1 NS2A NS3
130 680 899 1263 1342 1595 19

hD2-0433/85 DHF R R I M Sb A I
hD2-0026/88 DF I Q L I N T V

a Charge changes are italicized. Hydrophilic-charged amino acid: H (histidine), D (asparta
(valine), L (leucine), I (isoleucine), M (methionine), and F (phenylalanine). Hydrophilic n
b Boldface letter was predicted as serine phosphorylation site at score 0.998 (NetPhos 2
1.56 × 10 ± 2.95 × 10 1.60 × 10 ± 3.00 × 10
5.04 × 104 ± 9.81 × 104 2.28 × 104 ± 2.28 × 105

mber from 48 h p.i. supernatant of DENV-infected DCs (MOI = 1). The replication

five different donors. One pair of viral isolates from male patients
with secondary DENV infection admitted to QSNICH during the
1985–88 outbreaks were selected for comparison analysis. Isolate
ThD2-0433-85 was from a patient with DHF level IV and ThD2-
0026-88 was from a patient with uncomplicated DF. Alignment
analysis of the aa sequences of these two viruses revealed that
there were eleven differences. Of which, five resulted in aa charge
changes (Table 4), and five occurred in NS5 at aa residue 2626
(Phe → Ile), 2762 (Ile → Th), 2785 (Tyr → His), 2826 (Leu → Ile), and
2935 (Asp → Glu). NS5 protein has both methyltransferase and viral
RNA-dependent RNA polymerase activities essential for viral repli-
cation. As shown in Fig. 2(B), comparison of the replication kinetics
of the two viruses revealed that ThD2-0433-85 replicated more effi-
ciently in DCs from four of five donors, consistent with the results
shown above.

3.4. Comparison of IFN˛ production and STAT-1 expression in
human DCs infected with DF- and DHF-associated viral isolates

The results shown in Fig. 2 demonstrated that the replication of
ThD2-0026-88 (DF isolate) was delayed in some experiments rais-
ing the possibility that host-induced IFN� differentially regulated
viral replication. However, because both ThD2-0026-88 and ThD2-
0433-85 elicited similar amount of IFN� from infected DCs (data
not shown), it is possible that the observed differences in the repli-
cation rates of these viruses reflected differences in their abilities to
antagonize the effects of IFN� on the host cell. Because the target-
ing of STAT-1 by DENV is thought to inhibit IFN�-induced STAT-1
phosphorylation, we used Western Blots to determine total and
tyrosine-phosphorylated STAT-1 levels following IFN� treatment

of uninfected DCs and DCs infected with DF- and DHF-associated
viral isolates including ThD2-0026-88 and ThD2-0433-85 as well as
laboratory adapted strains of DENV-2 and -4. As shown in Fig. 3, six
out of eight viruses tested suppressed IFN�-induced STAT-1 phos-
phorylation below the level seen in uninfected DCs treated with

r)

NS5 3′ NTR from stop codon
94 2024 2626 2762 2785 2826 2935 13

Q F I Y L D C
K I T H I E A

te), E (glutamate), K (lysine), and R (arginine). Hydrophobic amino acid: A (alanine),
eutral: N (asparagine), Q (glutamine), S (serine), T (theonine), and Y (tyrosine).
.0 program).



36 R. Takhampunya et al. / Virus Research 145 (2009) 31–38

Fig. 3. Effect of DF- and DHF-associated virus isolates on IFN� mediated STAT-1 expression in human DCs cultures. Human DCs (2 × 106/ml) were infected with DF and
DHF-associated viral isolates at an MOI of 1.0. Twenty-four hours post-infection, infected DCs were treated with 1000 U/ml IFN� for 1 h. Cells were lysed with lysis buffer
and supernatants collected by centrifugation. Supernatants from each sample were loaded onto SDS-PAGE gel and immunoblotted to detect phosphorylated and total STAT-1
a s), ant
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nd h-GAPDH using anti-phospho-STAT-1, anti-STAT-1 (Cell Signalling Technologie
epresents one of two independent experiments. The intensities of P-STAT-1, total
GAPDH are shown. Lane 1: DENV-2 (S16803); Lane 2: ThD2-0026-88; Lane 3: T
hD4-0476-97; Lane 8: ThD4-0485-01 and Lane 9: Mock.

FN�. However, the ability of the viruses to inhibit STAT-1 phos-
horylation did not appear to be associated with disease severity.
urprisingly, DENV infection up-regulated total STAT-1 expression
n DC cells, a finding not previously reported, and which suggests
hat virus-mediated suppression of total STAT-1 conversion to func-
ional STAT-1 may have occurred.

. Discussion

The pathogenesis of DENV infection is still not well understood
nd likely to be mediated by both host and viral factors. Sev-
ral hypotheses have been proposed including effects at the host
evel such as antibody-dependent enhancement (ADE) of infec-
ion (Halstead, 1988; Halstead et al., 1970; Kliks et al., 1989) and
t the viral level such as inherent differences in virulence among
ENV strains (Rosen, 1986). Differences in virulence between nat-
rally circulating virus strains have been reported (Rico-Hesse et al.,
997), and studies report molecular changes in the DENV genome
hat appear to correlate with disease severity (Leitmeyer et al.,
999; Mangada and Igarashi, 1997; Pandey and Igarashi, 2000). In
he present study, we compared DENV strains isolated from patients
ith different disease outcomes for their binding to host cells, their

eplication kinetics, and their ability to antagonizing the effect of
FN� on the host. Since most DENVs do not replicate to high titers
n the available host cell, this is particularly true of wild-type iso-
ates that have not been previously adapted by serial passage. Our
rimary intention for this work is to characterize “near wild type”
ENV isolates which maintain a high degree of unaltered genetic

ntegrity and diversity. We, therefore, cultivated our DENV isolates
ith low in vitro passages to avoid as much potential selective pres-

ure as possible. Due to limitations in virus titer for some strains and
n number of human DCs required for these infections, we were
nable to include all the isolated viral strains in the replication
inetic and their ability to antagonizing the effect of IFN� on the
ost cell experiments. Only those viruses with high PFU/ml were
ested.

In this study we found that DENV isolates from patients with
ore severe disease tended to replicate more rapidly and thus to
higher titer in DCs than viruses from patients with less severe
isease. This result is consistent with clinical observations, which
how an association between disease severity and serum viremia
evels (Libraty et al., 2002; Vaughn et al., 2000), suggesting that the
mount of virus replication is proportional to the degree of patho-
enesis. In our experiments in DCs we did not attempt to measure
i-hGAPDH antibodies (Chemicon International Inc., Temecula, CA). The blot shown
-1, or ratio of P-STAT-1 to total STAT-1 protein expression relative to intensities of
433-85; Lane 4: DENV-4; Lane 5: ThD4-0017-97; Lane 6: ThD4-0734-00; Lane 7:

the effect of sensitizing antibodies, i.e., on ADE of viral replication
mediated through Fc-receptors, on virus yield, nor could we pre-
dict what role the host’s cell-mediated immune responses might
have played in pathogenesis. Arguably, these are very important
factors in determining disease outcome. We were also unable to
directly demonstrate specific amino acid or nucleotide differences
with disease outcome and more studies are required to determine
which differences that we observed between DF and DHF isolates
are important in pathogenesis.

The ability of DENV to bind to host cell receptors is an important
factor contributing to the permissiveness of target cells to infection
(Wang et al., 1999). However, it is unknown whether differences in
receptor binding in vivo play a significant role in disease severity.
We examined the ability of several DENV isolates from serotypes
1–4 circulating in Thailand during 1981–2001 to bind DC-SIGN
expressed on transfected Raji cells but did not find significant dif-
ferences in the binding abilities between DF and DHF-associated
strains or a correlation with strain dominance at the time of sam-
pling. Our results suggest that other steps in viral replication may
have more profound effects on viral virulence, pathogenesis and
disease outcome. Thus, successful establishment of DENV infection
requires critical steps beyond viral attachment such as internaliza-
tion via fusion of viral and cellular endosomal membranes, RNA
replication, and assembly and maturation of progeny virus.

Following DENV infection several antiviral mechanisms are
induced, among which IFN� responses are mediated via the IFN�
signaling pathway (Muller et al., 1994; Navarro-Sanchez et al.,
2005). Innate cellular immune mechanisms mediated by IFN� are
arguably the most immediate challenge to virus survival and many
pathogenic viruses encode proteins to counter the IFN response
(Co et al., 2007; Heim et al., 1999; Wu et al., 2007). The effective-
ness of these mechanisms may play a major role in determining the
pathogenic outcome of an infection. Previous studies have shown
that virus derived from a DENV-2 infectious cDNA clone (Munoz-
Jordan et al., 2003) and laboratory adapted strains of DENV-2 upon
infection of target cells (Ho et al., 2005) block the IFN� signal-
ing pathway by interfering with the activation of STAT proteins.
Results suggesting that NS2A, NS4A, and NS4B block IFN signal-
ing by reducing STAT activation (Ho et al., 2005; Munoz-Jordan et

al., 2003) were later confirmed using cell lines stably transfected
with self-replicating DENV replicons that express all the DENV
non-structural proteins (Jones et al., 2005). Other positive-stranded
RNA viruses such as HCV were also found to encode IFN-signaling
inhibitors (Heim et al., 1999). The results of our study are consis-
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ent with previous work demonstrating DENV-mediated reduction
f IFN�-induced STAT-1 activation (Ho et al., 2005; Jones et al.,
005; Munoz-Jordan et al., 2003; Samuel, 2001). Compared with
ther investigators we were able to examine a larger number of
ENV isolates associated with a range of disease severity on STAT-1
ctivation by IFN�. The viruses that we studied, with the excep-
ion of two isolates, which did not elicit inhibition effects, varied
n their ability to inhibit IFN�-induced STAT-1 phosphorylation,
owever, we observed no significant difference between isolates
ssociated with DF and those associated with DHF. Our results also
howed that all the DENV isolates examined elicited higher levels of
otal STAT-1 expression, a finding not been previously reported. The
ncreased levels of total STAT-1 may represent the accumulation of
ewly synthesized protein caused by DENV inhibition of upstream
olecules in the JAK/STAT pathway. Ho et al. (2005) reported that
ENV suppresses STAT-1 phosphorylation by targeting and inhibit-

ng the activation of Tyk2, an upstream molecule that is required
or STAT-1 activation.

In summary, our data show that DENV isolates associated with
ore severe disease (and thus potentially more pathogenic) repli-

ated to higher titers in human DCs than that with less pathogenic
solates, but that the differential replication rates were indepen-
ent of cell-binding capacity or interference with the IFN� signaling
athway. Future work will be aimed at determining which genetic
hanges are responsible for the observed differences in viral repli-
ation.

cknowledgements

We thank the staff members of the Department of Virology,
FRIMS for collecting, identifying, sequencing and managing the
tored samples, the physicians and nurses of Queen Sirikit National
nstitute of Child Health for sample collection and grading. We
hank Dr. Yuxin Tang for helping in critical review.

This work was funded by the Military Infectious Disease
esearch Program and the United States Army Medical Research
nd Materiel Command, Fort Detrick, MD. The opinions or asser-
ions contained herein are the private views of the authors and are
ot to be construed as reflecting the official views of the United
tates Army or the Department of Defense. This research was per-
ormed while the author held a National Research Council Research
ssociateship Award at Department of Virology, WRAIR.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.virusres.2009.05.016.

eferences

len, M.M., Kaptein, S.J., De Burghgraeve, T., Balzarini, J., Neyts, J., Schols, D., 2009.
Antiviral activity of carbohydrate-binding agents and the role of DC-SIGN in
dengue virus infection. Virology 387, 67–75.

ennett, S.N., Holmes, E.C., Chirivella, M., Rodriguez, D.M., Beltran, M., Vorndam,
V., Gubler, D.J., McMillan, W.O., 2006. Molecular evolution of dengue 2 virus in
Puerto Rico: positive selection in the viral envelope accompanies clade reintro-
duction. J. Gen. Virol. 87 (Pt 4), 885–893.

o, J.K., Verma, S., Gurjav, U., Sumibcay, L., Nerurkar, V.R., 2007. Interferon-alpha
and -beta restrict polyomavirus JC replication in primary human fetal glial cells:
implications for progressive multifocal leukoencephalopathy therapy. J. Infect.
Dis. 196 (5), 712–718.

ummings, D.A., Irizarry, R.A., Huang, N.E., Endy, T.P., Nisalak, A., Ungchusak, K.,
Burke, D.S., 2004. Travelling waves in the occurrence of dengue haemorrhagic

fever in Thailand. Nature 427 (6972), 344–347.

alstead, S.B., 1988. Pathogenesis of dengue: challenges to molecular biology. Sci-
ence 239 (4839), 476–481.

alstead, S.B., Nimmannitya, S., Cohen, S.N., 1970. Observations related to patho-
genesis of dengue hemorrhagic fever. IV. Relation of disease severity to antibody
response and virus recovered. Yale J. Biol. Med. 42 (5), 311–328.
search 145 (2009) 31–38 37

Halstead, S.B., Simasthien, P., 1970. Observations related to the pathogenesis of
dengue hemorrhagic fever. II. Antigenic and biologic properties of dengue viruses
and their association with disease response in the host. Yale J. Biol. Med. 42 (5),
276–292.

Heim, M.H., Moradpour, D., Blum, H.E., 1999. Expression of hepatitis C virus pro-
teins inhibits signal transduction through the Jak-STAT pathway. J. Virol. 73 (10),
8469–8475.

Ho, L.J., Hung, L.F., Weng, C.Y., Wu, W.L., Chou, P., Lin, Y.L., Chang, D.M., Tai, T.Y., Lai, J.H.,
2005. Dengue virus type 2 antagonizes IFN-alpha but not IFN-gamma antiviral
effect via down-regulating Tyk2-STAT signaling in the human dendritic cell. J.
Immunol. 174 (12), 8163–8172.

Jones, M., Davidson, A., Hibbert, L., Gruenwald, P., Schlaak, J., Ball, S., Foster, G.R.,
Jacobs, M., 2005. Dengue virus inhibits alpha interferon signaling by reducing
STAT2 expression. J. Virol. 79 (9), 5414–5420.

Kliks, S.C., Nisalak, A., Brandt, W.E., Wahl, L., Burke, D.S., 1989. Antibody-dependent
enhancement of dengue virus growth in human monocytes as a risk factor for
dengue hemorrhagic fever. Am. J. Trop. Med. Hyg. 40 (4), 444–451.

Klungthong, C., Zhang, C., Mammen Jr., M.P., Ubol, S., Holmes, E.C., 2004. The molecu-
lar epidemiology of dengue virus serotype 4 in Bangkok, Thailand. Virology 329
(1), 168–179.

Lei, H.Y., Yeh, T.M., Liu, H.S., Lin, Y.S., Chen, S.H., Liu, C.C., 2001. Immunopathogenesis
of dengue virus infection. J. Biomed. Sci. 8 (5), 377–388.

Leitmeyer, K.C., Vaughn, D.W., Watts, D.M., Salas, R., Villalobos, I., de, C., Ramos,
C., Rico-Hesse, R., 1999. Dengue virus structural differences that correlate with
pathogenesis. J. Virol. 73 (6), 4738–4747.

Libraty, D.H., Endy, T.P., Houng, H.S., Green, S., Kalayanarooj, S., Suntayakorn, S.,
Chansiriwongs, W., Vaughn, D.W., Nisalak, A., Ennis, F.A., Rothman, A.L., 2002.
Differing influences of virus burden and immune activation on disease severity
in secondary dengue-3 virus infections. J. Infect. Dis. 185 (9), 1213–1221.

Lozach, P.Y., Burleigh, L., Staropoli, I., Navarro-Sanchez, E., Harriague, J., Vire-
lizier, J.L., Rey, F.A., Despres, P., Arenzana-Seisdedos, F., Amara, A., 2005.
Dendritic cell-specific intercellular adhesion molecule 3-grabbing non-
integrin (DC-SIGN)-mediated enhancement of dengue virus infection is
independent of DC-SIGN internalization signals. J. Biol. Chem. 280 (25),
23698–23708.

Mangada, M.N., Igarashi, A., 1997. Sequences of terminal non-coding regions from
four dengue-2 viruses isolated from patients exhibiting different disease sever-
ities. Virus Genes 14 (1), 5–12.

Marijke, M.F., Alen, S.J.F.K., Tine De, B., Jan, B., Johan, N., Dominique, S., 2009. Antiviral
activity of carbohydrate-binding agents and role of DC-SIGN in dengue virus
infection. Virology 387, 67–75.

Muller, U., Steinhoff, U., Reis, L.F., Hemmi, S., Pavlovic, J., Zinkernagel, R.M., Aguet,
M., 1994. Functional role of type I and type II interferons in antiviral defense.
Science 264 (5167), 1918–1921.

Munoz-Jordan, J.L., Laurent-Rolle, M., Ashour, J., Martinez-Sobrido, L., Ashok, M., Lip-
kin, W.I., Garcia-Sastre, A., 2005. Inhibition of alpha/beta interferon signaling by
the NS4B protein of flaviviruses. J. Virol. 79 (13), 8004–8013.

Munoz-Jordan, J.L., Sanchez-Burgos, G.G., Laurent-Rolle, M., Garcia-Sastre, A., 2003.
Inhibition of interferon signaling by dengue virus. Proc. Natl. Acad. Sci. USA 100
(24), 14333–14338.

Navarro-Sanchez, E., Altmeyer, R., Amara, A., Schwartz, O., Fieschi, F., Virelizier,
J.L., Arenzana-Seisdedos, F., Despres, P., 2003. Dendritic-cell-specific ICAM3-
grabbing non-integrin is essential for the productive infection of human
dendritic cells by mosquito-cell-derived dengue viruses. EMBO Rep. 4 (7),
723–728.

Navarro-Sanchez, E., Despres, P., Cedillo-Barron, L., 2005. Innate immune responses
to dengue virus. Arch. Med. Res. 36 (5), 425–435.

Nisalak, A., Endy, T.P., Nimmannitya, S., Kalayanarooj, S., Thisayakorn, U., Scott, R.M.,
Burke, D.S., Hoke, C.H., Innis, B.L., Vaughn, D.W., 2003. Serotype-specific dengue
virus circulation and dengue disease in Bangkok, Thailand from 1973 to 1999.
Am. J. Trop. Med. Hyg. 68 (2), 191–202.

Palmer, D.R., Fernandez, S., Bisbing, J., Peachman, K.K., Rao, M., Barvir, D., Gunther,
V., Burgess, T., Kohno, Y., Padmanabhan, R., Sun, W., 2007. Restricted replication
and lysosomal trafficking of yellow fever 17D vaccine virus in human dendritic
cells. J. Gen. Virol. 88 (Pt 1), 148–156.

Palmer, D.R., Sun, P., Celluzzi, C., Bisbing, J., Pang, S., Sun, W., Marovich, M.A., Burgess,
T., 2005. Differential effects of dengue virus on infected and bystander dendritic
cells. J. Virol. 79 (4), 2432–2439.

Pandey, B.D., Igarashi, A., 2000. Severity-related molecular differences among
nineteen strains of dengue type 2 viruses. Microbiol. Immunol. 44 (3),
179–188.

Rico-Hesse, R., Harrison, L.M., Salas, R.A., Tovar, D., Nisalak, A., Ramos, C., Boshell,
J., de Mesa, M.T., Nogueira, R.M., da Rosa, A.T., 1997. Origins of dengue type 2
viruses associated with increased pathogenicity in the Americas. Virology 230
(2), 244–251.

Rosen, L., 1986. Pathogenesis of hemorrhagic dengue: critical discussion of current
hypotheses. Bull. Soc. Pathol. Exot. Filiales 79 (3), 342–349.

Sadon, N., Delers, A., Jarman, R.G., Klungthong, C., Nisalak, A., Gibbons, R.V., Vassilev,
V., 2008. A new quantitative RT-PCR method for sensitive detection of dengue
virus in serum samples. J. Virol. Methods 153 (1), 1–6.
Samuel, C.E., 2001. Antiviral actions of interferons. Clin. Microbiol. Rev. 14 (4),
778–809, table of contents.

Sanchez, V., Hessler, C., DeMonfort, A., Lang, J., Guy, B., 2006. Comparison by flow
cytometry of immune changes induced in human monocyte-derived dendritic
cells upon infection with dengue 2 live-attenuated vaccine or 16681 parental
strain. FEMS Immunol Med Microbiol. 46, 113–123.

http://dx.doi.org/10.1016/j.virusres.2009.05.016


3 rus Re

S

T

V

W

8 R. Takhampunya et al. / Vi

un, P., Celluzzi, C.M., Marovich, M., Subramanian, H., Eller, M., Widjaja, S., Palmer, D.,
Porter, K., Sun, W., Burgess, T., 2006. CD40 ligand enhances dengue viral infection
of dendritic cellsa: a possible mechanism for T cell-mediated immunopathology.
J. Immunol. 177 (9), 6497–6503.

assaneetrithep, B., Burgess, T.H., Granelli-Piperno, A., Trumpfheller, C., Finke, J.,
Sun, W., Eller, M.A., Pattanapanyasat, K., Sarasombath, S., Birx, D.L., Stein-
man, R.M., Schlesinger, S., Marovich, M.A., 2003. DC-SIGN (CD209) mediates
dengue virus infection of human dendritic cells. J. Exp. Med. 197 (7),
823–829.
aughn, D.W., Green, S., Kalayanarooj, S., Innis, B.L., Nimmannitya, S., Suntayakorn,
S., Endy, T.P., Raengsakulrach, B., Rothman, A.L., Ennis, F.A., Nisalak, A., 2000.
Dengue viremia titer, antibody response pattern, and virus serotype correlate
with disease severity. J. Infect. Dis. 181 (1), 2–9.

ang, S., He, R., Anderson, R., 1999. PrM- and cell-binding domains of the dengue
virus E protein. J. Virol. 73 (3), 2547–2551.
search 145 (2009) 31–38

Wu, M., Xu, Y., Lin, S., Zhang, X., Xiang, L., Yuan, Z., 2007. Hepatitis B virus poly-
merase inhibits the interferon-inducible MyD88 promoter by blocking nuclear
translocation of Stat1. J. Gen. Virol. 88 (Pt 12), 3260–3269.

Wu, S.J., Grouard-Vogel, G., Sun, W., Mascola, J.R., Brachtel, E., Putvatana, R., Louder,
M.K., Filgueira, L., Marovich, M.A., Wong, H.K., Blauvelt, A., Murphy, G.S., Robb,
M.L., Innes, B.L., Birx, D.L., Hayes, C.G., Frankel, S.S., 2000. Human skin Langerhans
cells are targets of dengue virus infection. Nat. Med. 6 (7), 816–820.

Zhang, C., Mammen Jr., M.P., Chinnawirotpisan, P., Klungthong, C., Rodpradit, P.,
Monkongdee, P., Nimmannitya, S., Kalayanarooj, S., Holmes, E.C., 2005. Clade

replacements in dengue virus serotypes 1 and 3 are associated with changing
serotype prevalence. J. Virol 79 (24), 15123–15130.

Zhang, C., Mammen Jr., M.P., Chinnawirotpisan, P., Klungthong, C., Rodpradit, P.,
Nisalak, A., Vaughn, D.W., Nimmannitya, S., Kalayanarooj, S., Holmes, E.C., 2006.
Structure and age of genetic diversity of dengue virus type 2 in Thailand. J. Gen.
Virol. 87 (Pt 4), 873–883.


	Phenotypic analysis of dengue virus isolates associated with dengue fever and dengue hemorrhagic fever for cellular attachment, replication and interferon signaling ability
	Introduction
	Materials and methods
	Viruses
	Raji DC-SIGN transfected cells
	Dendritic cells (DCs)
	A Real time quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) assay
	To measure the capability of virus binding
	To determine virus replication efficiency in DCs
	To determine the inhibition of STAT-1 phosphorylation in DENV infected DCs

	Results
	Comparison of the cell-binding efficiency of DF- and DHF-associated DENV isolates to DCs and DC-SIGN transfected Raji cells
	Comparison of the replication efficiency of DF- and DHF-associated viral isolates in human DCs
	Comparison of the replication of DF isolate (ThD2-0026-88) and DHF isolate (ThD2-0433-85) in human DCs
	Comparison of IFNalpha production and STAT-1 expression in human DCs infected with DF- and DHF-associated viral isolates

	Discussion
	Acknowledgements
	Supplementary data
	References


