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Tumor necrosis factor alpha (TNF-�) is believed to play a significant role in the pathogenesis of dengue virus
(DV) infection, with elevated levels of TNF-� in the sera of DV-infected patients paralleling the severity of
disease and TNF-� release being coincident with the peak of DV production from infected monocyte-derived
macrophages (MDM) in vitro. Since macrophages are a primary cell target in vivo for DV infection, we
investigated the potential antiviral role of TNF-� in regulating DV replication in MDM. While pretreatment
of MDM with TNF-� had a minor inhibitory effect, addition of TNF-� to MDM with established DV infection
had no effect on DV replication as measured by DV RNA levels or progeny virus production. Blocking
endogenous TNF-� using short interfering RNA or inhibitory TNF-� antibodies also had no effect on infectious
DV production or viral RNA synthesis. Together, these results demonstrate that DV replication in MDM is not
affected by TNF-�. Additionally, normal cellular TNF-� signaling, measured by quantitation of TNF-�-induced
stimulation of transcription from an NF-�B-responsive reporter plasmid or NF-�B protein nuclear translo-
cation, was blocked in DV-infected MDM and Huh7 cells. Thus, DV replication in MDM is not affected by
TNF-�, and infected cells do not respond normally to TNF-� stimulation. It is therefore unlikely that the
increased production of TNF-� seen in DV infection directly effects DV clearance by reducing DV replication,
and the ability of DV to alter TNF-� responsiveness highlights another example of viral subversion of cellular
functions.

Dengue virus (DV) is a member of the family Flaviviridae,
and DV infection in humans causes a wide range of diseases,
from acute febrile illness (dengue fever) to life-threatening
dengue hemorrhagic fever and dengue shock syndrome (57).
Serious forms of the disease involving DV-induced shock and
hemorrhage are thought to be immune mediated by vasoactive
cytokines such as tumor necrosis factor alpha (TNF-�). DV
has been shown to infect numerous cell lines in vitro including
endothelial cells, B and T cells, and hepatocytes (5, 31, 34, 38).
However, one important target cell type for DV infection in
vivo is cells of the monocyte lineage, based on the recovery of
live virus from this cell type from the circulation of DV-in-
fected individuals and the identification of DV-infected cells in
pathological specimens (23, 24, 55). In vitro infection of pri-
mary cells such as cultured primary macrophages (9, 24, 50),
dendritic cells (26, 33, 39, 58), and B cells (35) probably more
closely represents viral replication in the target cells involved
in vivo.

Elevated levels of TNF-� are found in patients with DV
infection, with even higher levels associated with more serious
forms of the disease (19, 27, 30). Exposure of monocytes/
macrophages to DV particles or proteins has been suggested to
be responsible for the enhanced production of TNF-� in DV-
infected patients (28). DV challenge of BALB/c mice (haplo-

type H-2d) with a mouse-adapted DV type 2 (DV2) strain
results in clinical symptoms of DV disease, including hemor-
rhagic shock with a 100% mortality rate (3). In these DV-
infected mice, levels of TNF-� are increased and treatment
with anti-TNF-� antibody reduces the mortality rate to 40%.
Recent studies using a new DV strain, D2S10, which mimics
human DV disease including viremia and increased vascular
permeability in mice, have confirmed that TNF-� is one of the
key cytokines responsible for the severity of DV disease and
lethality in mice (56). In vitro studies have shown that exposure
of human endothelial cells to culture fluids from DV-infected
monocytes or macrophages triggers endothelial cell activation
(2, 7), which can be reversed by treatment with anti-TNF-�
antibodies (2, 6). Together these data suggest that circulating
TNF-� levels are high in DV infection and are involved in the
pathogenesis of disease, potentially by direct effects on the
endothelium; however, the effects of these high levels of
TNF-� on DV replication are unknown.

TNF-� is a powerful proinflammatory cytokine with pleio-
tropic properties and can have antiviral effects on several vi-
ruses (reviewed in reference 25). For example, TNF-� is asso-
ciated with viral clearance in hepatitis B virus (HBV)-infected
transgenic mice by inhibiting HBV gene expression and accel-
erating the degradation of HBV mRNA (12, 18, 22), endog-
enously released TNF-� plays a part in cytomegalovirus
(CMV) clearance (48), and TNF-� can suppress human im-
munodeficiency virus type 1 (HIV-1) replication in peripheral
blood monocytes and alveolar macrophages (32) and can pro-
tect mice from infection with herpes simplex virus type 1 (52).
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Challenge of mouse embryonic fibroblasts with West Nile virus
(WNV), another flavivirus, has shown that mouse embryonic
fibroblasts from TNF-�-deficient mice are more susceptible to
WNV infection than are cells from wild-type mice, suggesting
a role of TNF-� in protection against initial WNV infection
(11).

In relation to DV, however, possible antiviral effects of
TNF-� on DV replication are poorly understood. TNF-� is
released from monocyte-derived macrophages (MDM) after
DV infection, and the peak of this release coincides with the
peak of virus production in vitro (7, 16). Other cells of the
immune system such as B and T cells that functionally interact
with monocytes and macrophages during viral infection can
also release TNF-� when exposed to DV (35–37). Thus,
TNF-� released from cells of the immune system may contrib-
ute to the elevated circulating (endocrine) levels of TNF-� that
may in turn induce viral pathogenesis (see above); in addition,
TNF-� may act in an autocrine or paracrine manner to mod-
ulate viral replication in DV-infected cells.

In this study, we have used an in vitro primary cell culture
system to examine whether increased levels of TNF-� could
affect DV replication in macrophages. Our results showed that
addition of exogenous TNF-�, or inhibition of endogenously
produced TNF-�, had little effect on DV replication and that
furthermore in DV-infected cells the normal cellular signaling
response to TNF-� was altered.

MATERIALS AND METHODS

Cell lines and culture. Vero cells and human hepatoma Huh7 and HepG2 cells
(American Type Culture Collection) were used for DV infection studies, and
L929 mouse fibroblast cells (American Type Culture Collection) were used in the
TNF-� bioassay. Vero, HepG2, and Huh7 cells were cultured in Dulbecco
modified Eagle medium (DMEM; Gibco), and L929 cells were cultured in RPMI
(Gibco) supplemented with 10% fetal bovine serum (FBS) (JRH Biosciences),
1.2 �g/ml penicillin, 1.6 �g/ml gentamicin, 2 mM L-glutamine, and 10 mM
HEPES.

Culture and infection of MDM. Monocytes from healthy donors were isolated
by adherence as previously described (50) and cultured for 5 days in complete
DMEM containing 10% FBS, 7.5% human serum, 1.2 �g/ml penicillin, 1.6 �g/ml
gentamicin, 2 mM L-glutamine, and 10 mM HEPES. On the fifth day after
isolation, MDM were detached, seeded in 48-well plates at a concentration of
2 � 105 cells per well, and allowed to readhere. This method of MDM isolation
has been previously shown to yield cells that are 85 to 90% CD14 positive (50).
The cell population is heterogeneous but shows adherent macrophage-like mor-
phology and has phagocytic activity. Prior to infection, MDM were washed and
then infected with MON601 (a laboratory clone of the DV strain New Guinea C
[21, 50]) at a multiplicity of infection (MOI) of 5 in a volume of 100 �l for 90 min
as previously described (50). Mock-infected control assays were performed by
infecting cells, as described above, with equal volumes of heat-inactivated virus
(80°C for 20 min). After infection, the cells were washed and cultured in com-
plete DMEM, and one-half the volume of fresh medium was replaced at each
sample point.

Quantitation of infectious virus by plaque assay. Cell culture supernatants
from infected cells were assayed for infectious DV by plaque assay. Vero cells
were cultured at 3 � 105 cells per well in six-well plates. Cells were washed and
infected with 300 �l of serially diluted (10�1 to 10�6) supernatant as described
above. Following infection, inoculum was removed and cells were washed and
overlaid with 4 ml of a 1:1 mix of 2% Metaphore agarose (BioWhittaker Mo-
lecular Applications) and 2� DMEM plus 10% FBS. Agarose was allowed to set,
and plates were inverted and incubated at 37°C for 5 days. On day 5, cells were
overlaid with 2 ml of 2� DMEM plus 10% FBS containing 0.03% neutral red
(MP Biomedicals) and 2% Metaphore agarose and incubated till plaques were
visible. Levels of infectious virus were quantitated as PFU per ml. The repro-
ducibility of the plaque assay results was determined by multiple measurement of
the same sample (n � 3) in two different experiments, yielding 5 and 10%
variation from the mean, respectively, and routinely detected �50 PFU/ml.

Generation of DV capsid construct and in vitro-transcribed RNA. The DV2
capsid gene was PCR amplified from full-length, infectious clone MON601 with
primers CAPECOR1 (5� CACGAATTC/AGCTCAACGTAGTTCTAACAG 3�)
and CAPBAMHI (5� CGTGGATCC/GATCATGTGTGGTTCTCCGTT 3�) and
cloned into pGEM-3Zf(�) (Promega), which contained a T7 forward promoter
and an SP6 reverse promoter. Cloning was performed by Robyn Taylor, Uni-
versity of Adelaide. For generation of positive-strand RNA, the pGEM-DV2
capsid was linearized with HindIII and in vitro transcribed with T7 RNA poly-
merase. For generation of negative-strand RNA, the pGEM-DV2 capsid was
linearized with EcoRI and in vitro transcribed with SP6 RNA polymerase. Both
in vitro transcription reactions utilized Ambion Maxiscript following the manu-
facturer’s instructions. The in vitro-transcribed RNA was purified using an
RNeasy RNA extraction kit (QIAGEN) and quantified by spectrophotometry,
and the copy number was calculated.

RNA extraction, tagged reverse transcription (RT), and real-time PCR for
viral RNA quantification. Total RNA was isolated from DV-infected cells using
TRIzol (Invitrogen). The RNA was DNase treated by being resuspended in 2
units of RNase-free DNase I (Roche), 10 U RNase inhibitor (Roche), 0.1 M
sodium acetate, and 5 mM MgSO4 (pH 5); incubated for 15 min at 37°C; and
then phenol-chloroform (BDH) extracted, ethanol precipitated, and resus-
pended in RNase-free water with 10 U RNase inhibitor. The isolated RNA was
reverse transcribed and tagged as follows: RNA was denatured at 65°C for 3 min
in the presence of 20 pmol of DV-specific primer attached to a 19-mer sequence,
(TAG)-5� CGGTCATGGTGGCGAATAA 3�, as described in the work of
Peyrefitte et al. (49). The primer sequence for the DV positive-strand RNA was
TAG-(DV3.2) 5� �TAG’TTGTCAGCTGTTGTACAGTCG 3� and for the DV
negative-strand RNA was TAG-(DV5.1) 5� �TAG’GCAGATCTCTGATGAAT
AACCAAC 3�. Ten microliters of denatured RNA (approximately 100 ng) was
added to an RT mixture containing 10 U Moloney murine leukemia virus (Bio-
labs NEB; Genesearch), 10 U RNase inhibitor, 0.5 mM (each) deoxynucleoside
triphosphates (Promega) in 1� Moloney murine leukemia virus buffer (Biolabs
NEB; Genesearch), and RNase-free water up to 20 �l. Known amounts of
negative- and positive-strand in vitro-transcribed DV RNA were reverse tran-
scribed in parallel with the extracted RNA from infected cells to estimate RNA
copies in the samples, and extensive controls which included no RT enzyme, no
primer, and the wrong primer were used to control for any nonspecific primed
cDNA. RT reactions were performed at 37°C for 1 h followed by 95°C denatur-
ation. Two microliters of (1:100) diluted cDNA sample was used in a real-time
PCR mixture containing 1� Quantitect SYBR green (QIAGEN) and 0.5 �M of
each primer. The DNA primer pair for positive-strand RNA was primers TAG
and DV5.1, and that for the negative strand was TAG and DV3.2. Real-time
PCRs were performed in a Rotor Gene 3000 real-time thermal cycling system
(Corbet Research) for 35 cycles (95°C, 20 s; 58°C, 20 s; 72°C, 20 s). The RT
real-time PCR was normalized by determining cyclophilin RNA in total RNA
extracted from cells. This involved RT conditions as described above with 0.5 �g
oligo(dT)15 (Promega) used as primer for cDNA synthesis. RT real-time PCR
was performed using primers CycA(f) (5� GGCAAATGCTGGACCCAACA
CAAA 3�) and CycA(r) (5� CTAGGCATGGGAGGGAACAAGGAA 3�), in
the same way as for DV except that 40 cycles were involved (94°C, 20 s; 60°C,
20 s; 72°C, 30 s). Known concentrations of total RNA were used as standards.
Cyclophilin mRNA levels did not vary over a 3-day period in DV-infected and
uninfected macrophages (data not shown). The sensitivity of DV negative- and
positive-strand PCR is 60 to 70 copies/ng cyclophilin mRNA.

Treatment of cells with cytokines. HepG2 cells were seeded at 2 � 105 cells per
well in a 12-well plate, and adherent MDM were seeded at 2 � 105 cells per well
in a 48-well plate. To pretreat cells with alpha interferon (IFN-�) or TNF-�, the
medium was removed and the required amount of cytokine was added in me-
dium containing 2% FBS and incubated for 4 or 24 h prior to infection. IFN-�
(Intron A; Schering-Plough Ltd.) (gift from Karla Helbig, Hepatitis C Lab,
University of Adelaide) was used at 100 IU/ml and TNF-� (ProSec-TechnoGene
Ltd.) was used at 500 ng/ml. Cells were washed and infected with DV (MON601)
at an MOI of 5 as described above. The cells were then washed and resuspended
in fresh medium containing 2% FBS (designated as time zero). For posttreat-
ment of cells with IFN-� or TNF-�, the cells were infected as described above
and cultured for 24 h, medium was removed, and the required amount of
cytokine as described above was added in medium containing 2% FBS and
incubated for a further 24 h. At 48 h postinfection (p.i.) supernatant was col-
lected and assayed for infectious virus production (PFU/ml) and cell lysates were
analyzed for DV RNA.

Blocking TNF-� using TNF-� antibodies. Adherent MDM were seeded at 2 �
105 cells per well in 48-well plates and infected with DV at an MOI of 5, as
described above. Twenty-four hours later all the supernatant from the wells was
replaced with medium containing either 2.5-�g/ml purified mouse anti-human
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TNF-� antibody (catalog no. 18630D; Pharmingen) or the recommended iso-
type-matched control (catalog no. 20800D; Pharmingen) or medium without any
additive. At 48 h p.i. all the supernatant was removed from the wells and replaced
with fresh medium, and at 72 h p.i. supernatant was collected and assayed for
virus release (PFU/ml) and total RNA was extracted to analyze viral RNA
production in cells.

Transfection of siRNAs into MDM. Predesigned Stealth duplex oligonucleo-
tide short interfering RNAs (siRNAs) were obtained from Invitrogen. The se-
quences of the sense and antisense strands were as follows: TNF-HSS110854
(siRNA 4), 5� UCGAGAAGAUGAUCUGACUGCCUGG 3� and 5� CCAGG
CAGUCAGAUCAUCUUCUCGA 3�; HSS110855 (siRNA 5), 5� UUAUCUC
UCAGCUCCACGCCAUUGG 3� and 5� CCAAUGGCGUGGAGCUGAGA
GAUAA 3�; HSS110856 (siRNA 6), 5� AGACUCGGCAAAGUCGAGAUA
GUCG 3� and 5� CGACUAUCUCGACUUUGCCGAGUCU 3�. The negative-
control siRNA used was Stealth RNA interference negative-control duplex
“medium GC content” (Invitrogen). siRNA transfection efficiency was deter-
mined by transfecting Block-iT fluorescent oligonucleotide (Invitrogen) using
Lipofectamine (Invitrogen).

The day before transfection, adherent MDM were seeded at concentrations of
2 � 105 cells per well in a 48-well plate in MDM growth medium without
antibiotics. Cationic lipid complexes were prepared by incubating 1.6 �M siRNA
duplexes with 0.6 �l Lipofectamine RNAiMAX (Invitrogen) in 40 �l of DMEM
without serum and then added to the cells. After 4 h of incubation, the cells were
washed and replaced with fresh 200 �l of MDM growth medium without anti-
biotics for at least 18 h to allow recovery, followed by a second round of siRNA
transfection as described above. After 4 h of incubation the cells were washed
and resuspended in MDM growth medium.

DV infection and LPS stimulation of siRNA-transfected cells. MDM were
transfected with TNF-� siRNA as described above, and 18 h after transfection
the cells were infected with DV at an MOI of 5. At 48 h p.i. supernatants were
collected, to measure infectious virus release by plaque assay and TNF-� pro-
duction. Intracellular RNA was also extracted to monitor DV RNA synthesis. To
validate the efficacy of siRNA knockdown of TNF-� protein, TNF-� production
was stimulated by addition of 10 ng/ml lipopolysaccharide (LPS; Sigma) for 4 h
to siRNA-transfected cells. Supernatant was collected, and cells were thoroughly
washed using Hanks balanced salt solution (Gibco) and refreshed with MDM
growth medium. LPS exposure (as described above) was repeated daily up to day
4 posttransfection. The supernatants were assayed for TNF-� bioactivity using an
L929 cytotoxic bioassay (see below). Additionally, TNF-� protein release from
DV-infected cells, with or without siRNA transfection, was quantitated by an
enzyme-linked immunosorbent assay (ELISA; Pharmingen; OptEIA human
TNF-� set) in accordance with the manufacturer’s recommendation.

L929 cytotoxic bioassay. L929 cytotoxicity was analyzed by modifying the
method from reference 14. L929 cells were plated in 96-well plates at a density
of 104 cells per well and incubated overnight. Known concentrations of TNF-�
(1,000 pg/ml) (used as standards) and cell supernatants (see above) were serially
diluted 10-fold in RPMI medium containing 2% FBS and actinomycin D (Sigma)
at 2 �g/ml, and 100 �l of TNF-� standards or diluted samples was added to the
cells. The cells were reincubated for 18 h and fixed with 100% methanol, and
viable cells were stained using 0.5% crystal violet (BDH) diluted in 25% meth-
anol. After 5 min of staining the monolayers were washed extensively with water,
and dye adherent to plates was solubilized using 1% sodium dodecyl sulfate
(BDH). Absorbance was read at 540 nm, standards were graphed, and concen-
trations of TNF-� in samples were determined. The specificity of this assay for
TNF-� was shown by blocking bioactivity of TNF-� by coincubation of LPS-
stimulated supernatants from TNF-� siRNA-transfected macrophages and
50,000 pg/ml of TNF-� with 2.5 �g/ml TNF-� monoclonal antibodies for 2 h
prior to the L929 cytotoxicity assay.

Quantitation of TNF-�-stimulated NF-�B LUC reporter gene transcription.
Huh7 cells were seeded at a concentration of 1.4 � 105 cells per well in a six-well
plate and then cotransfected with two different reporter plasmids (2 �g each) and
10 �l Superfect (QIAGEN) per the manufacturer’s instructions. The first plas-
mid, pT81-NF	B-LUC (a gift from Andrew Bert, Human Immunology, Institute
of Medical and Veterinary Science, Adelaide, Australia), was a modified version
of pT81-LUC (45) and contained five tandem repeats of a 27-bp NF-	B-respon-
sive element derived from the immunoglobulin 	 gene enhancer (aacagagGGG
ACTTTCCgaggccatct, with the NF-	B binding site in capital letters) upstream of
the thymidine kinase (TK) promoter. The second plasmid, pRL-TK (Promega),
contained a Renilla luciferase (LUC) gene under the control of a constitutive TK
promoter. After 18 h, the transfected cells were trypsinized, distributed equally
into four wells of a 24-well plate, and allowed to adhere for 18 h. Duplicate wells
were infected with DV at an MOI of 5 or mock infected as described above.
Twenty-four hours p.i., 10 ng/ml of TNF-� or fresh medium alone was added and

incubated for 6 h before the cells were harvested and lysed. LUC activity was
quantitated using Promega’s Dual Luciferase Reporter Assay System Kit. The
activity of firefly LUC was normalized to the activity of Renilla LUC or to the
total protein concentration measured in a Bio-Rad Dc protein assay system. The
two methods of normalization yielded the same result. As a control the IFN-�-
responsive plasmid pISRE-LUC (Clontech Labs) was also transfected into cells,
the transfected cells were stimulated with 100 IU IFN-�, and the LUC activity
was measured and normalized as described above.

Analysis of TNF-�-stimulated NF-�B movement using confocal microscopy.
MDM and Huh7 cells were seeded at 1 � 105 and 1 � 104 cells per well,
respectively, in a 16-well Lab-Tek chamber glass slide (Nunc) and infected at an
MOI of 5. MDM at 2 days p.i. or Huh7 cells at 1 day p.i. were treated with TNF-�
(10 ng/ml) for 30 min or not treated. Cells were fixed in 1% formalin and
permeabilized with 0.05% IGEPAL CA-630 (Sigma). MDM were then blocked
with 4% human serum, 4% goat serum, and 0.4% bovine serum albumin. Huh7
cells were blocked with 4% goat serum and 0.4% bovine serum albumin diluted
in Hanks balanced salt solution containing 5% fetal calf serum and 0.02%
sodium azide (Ajax Chemicals). After 30 min of blocking, the MDM were
incubated with mouse monoclonal anti-DV E antibodies (a gift from Peter
Wright, Department of Microbiology, Monash University, Clayton, Victoria,
Australia) (1/50) and rabbit anti-NF-	B p-65 (a gift from Michael Beard, Hep-
atitis C Lab, University of Adelaide, Australia) (1/50). Huh7 cells were incubated
with DV-positive patient sera (1/5,000) and rabbit NF-	B anti-p-65 (1/50). Fol-
lowing 45 min of incubation the MDM were incubated with a 1/200 dilution of
goat anti-mouse Alexa Fluor 546 (Molecular Probes) and goat anti-rabbit Alexa
Fluor 488, while the Huh7 cells were incubated with a 1/200 dilution of goat
anti-human Alexa Fluor 546 and goat anti-rabbit Alexa Fluor 488. Cells were
mounted onto glass slides with ProLong antifade mounting medium (Molecular
Probes) and examined by confocal microscopy. Confocal images were captured
at �400 magnification using a Bio-Rad Radiance 2100 confocal microscope, and
fluorescent intensities were adjusted using Confocal Assistant (Bio-Rad). The
specificity of staining was shown using uninfected cells stained with DV antibod-
ies and DV-positive cells stained with a species-matched irrelevant antiserum.

RESULTS

Characteristics of DV replication in MDM. The time course
of DV replication over 72 h was determined. Adherent MDM,
6 days after isolation, were infected, and at different time
points after infection, supernatant was collected to quantitate
the release of infectious virus (PFU/ml) and intracellular RNA
was extracted from cell lysates to measure levels of positive-
and negative-strand DV RNA. A tagged RT real-time PCR
was used to minimize self-priming of DV RNA that has been
observed to occur in our laboratory and reported by others
during the RT step (49). Active replication of DV in MDM was
shown by production of infectious virus (PFU/ml) and increas-
ing levels of positive- and negative-strand RNA, with maxi-
mum virus and RNA levels at 48 h p.i. and levels of virus and
RNA production which continued at a lower level on day 3
(Fig. 1A and B). The de novo production of negative-strand
RNA coincided with infectious virus production, whereas pos-
itive-strand RNA was present at high levels at all time points
with much smaller relative changes associated with infectious
virus production. Confocal microscopy of DV-infected cells
stained for DV antigens showed that 15 to 30% of MDM were
infected at 48 h p.i., the time of peak virus production (data not
shown). DV-positive MDM, visualized by immunofluorescence
(see Fig. 6), were adherent and had heterogeneous but mac-
rophage-like morphology and the ability to phagocytose sheep
red blood cells (data not shown). Infection of MDM by DV
showed no visual cytopathic effects. Subsequent studies utilized
this infection model and monitored DV replication by release
of virus (plaque assay) and accumulation of negative-strand
RNA (RT-PCR).
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Addition of exogenous TNF-� prior to or after established
infection does not dramatically affect DV replication in MDM.
TNF-� is present at high levels in the circulation of DV-
infected patients and is released by DV-infected macrophages
and other cells normally present in the environment of mac-

rophages. Pretreatment of HepG2 cells with IFN-� 4 h before
infection inhibits subsequent DV replication while pretreat-
ment with TNF-� for 24 h before infection has no effect on DV
replication in HepG2 cells (15) and MDM (10). Prior studies
in our laboratory have shown that TNF-� is released by DV-

FIG. 1. Exogenously added TNF-� has no major effect on established DV replication in MDM but exerts a minor effect when added 4 h prior to DV
infection. (A and B) DV replication in MDM. MDM were infected with DV at an MOI of 5, supernatant was collected at various time points p.i., and
RNA was extracted from cell lysates. Intracellular DV RNA was quantitated using a tagged RT real-time PCR. In vitro-transcribed copy number
standards from DV2 capsid protein were used to quantitate DV RNA. Tagged RT real-time PCR results represent averages 
 standard errors of the
means (n � 2) in the PCR assay and were normalized per ng cyclophilin RNA. Black bars, viral titer; open bars, DV RNA. (A) Infectious DV release
(plaque assay, PFU/ml) and negative-strand DV RNA. (B) Positive-strand DV RNA. (C to F) Effect of TNF-�. MDM and HepG2 cells were exposed
to TNF-� or IFN-� for 4 or 24 h and then infected with DV at an MOI of 5 or infected and then cytokine treated 24 h p.i. At 48 h p.i. supernatants were
collected for viral plaque assays, and RNA was extracted for analysis of DV RNA, as in panels A and B. Values represent means 
 standard errors of
the means from duplicate samples in RT real-time PCR of a representative experiment. Experiments were replicated (n � 2, RNA; n � 4, titer).
(C) TNF-� in MDM; (D) IFN-� controls in MDM; (E) TNF-� in HepG2 cells; (F) TNF-� and IFN-� controls in HepG2 cells.
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infected MDM, coinciding with the peak of DV production at
36 h after infection (7). We therefore looked at the effect on
DV replication of adding TNF-� to MDM, both at 4 h prior to
infection and at 24 h p.i., a time point that represents estab-
lished infection but is prior to the peak of endogenous TNF-�
release and progeny virus production. HepG2 cells pretreated
and posttreated before infection with TNF-� and IFN-� were
used as comparative controls (15). The level of TNF-� used in
this part of our study was higher than the pg/ml levels released
from DV-infected MDM (7), consistent with levels known to
induce TNF-� responses in the literature (32, 41), and higher
than the levels used later in our study to induce TNF-� signal-
ing in uninfected cells and thus should be in the required range
for TNF-� activity.

Analysis of levels of DV RNA and infectious virus at 48 h p.i.
showed no effect of addition of TNF-� at 24 h p.i. on subse-
quent DV replication in MDM (Fig. 1C) or HepG2 cells (Fig.
1E). In contrast, treatment with IFN-� at 24 h p.i. showed a
moderate inhibitory effect on DV negative-strand RNA accu-
mulation and virus release from MDM (Fig. 1D) and, as pre-
viously reported, also in HepG2 cells (Fig. 1F) (15).

Pretreatment of MDM with TNF-� 4 h before DV infection
had a small reproducible inhibitory effect (two- to fourfold) on
DV replication (Fig. 1C). The paired Student t test from the
results of four independent experiments measuring infectious
virus release (PFU/ml) and two independent experiments that
quantitated RNA levels showed that, although alteration in the
release of infectious virus was not significant (P � 0.28), there
was a significant reduction in RNA levels (P � 0.03), suggest-
ing this to be a real and reproducible inhibition of DV repli-
cation. However, pretreatment of HepG2 cells for 4 h with
TNF-� had no effect (�2-fold) on DV replication (Fig. 1E).
These moderate effects of pretreatment with TNF-� contrast
with the more significant effects seen with IFN-�, where 4 h of
pretreatment of MDM and HepG2 cells with IFN-� showed a
�10-fold inhibition of negative-strand RNA accumulation and
virus release (Fig. 1D and F), consistent with the literature
(15). Finally, we saw no effect of 24-h TNF-� pretreatment on
DV replication in HepG2 cells (Fig. 1E) and MDM (results
not shown), again consistent with previous reports (10, 15).
Thus, addition of high levels of exogenous TNF-�, which is
known to be stable in culture conditions (1), had no major
effect on established DV replication in MDM and had a minor
inhibition of DV replication in MDM only if added 4 h prior to
infection. The small inhibition of DV replication in MDM
following a short (4-h) but not longer (24-h) pretreatment with
TNF-� may imply that TNF-� stimulates short-lived antiviral
responses, and further investigation may be of interest in un-
derstanding the mechanisms by which TNF-� can induce an
antiviral state in uninfected cells and the timing of such effects.

Inhibition of endogenously produced TNF-� has no effect on
DV replication in MDM. Since DV-infected macrophages can
produce their own TNF-�, we investigated if using siRNA to
block endogenous TNF-� produced by infected cells or using
TNF-� antibodies to block actions of TNF-� had any effect on
DV replication in these cells.

To achieve knockdown of production of endogenous TNF-�,
three predesigned stealth TNF-� siRNAs (Invitrogen) were
used to transfect MDM. Stealth siRNAs were used to prevent
stimulation of the double-stranded RNA response that could

complicate the interpretation of results. Establishment of
siRNA transfection conditions using a fluorescent siRNA (In-
vitrogen) showed �90% uptake of the labeled oligonucleotides
into MDM (data not shown). We next validated TNF-� protein
knockdown. One day after siRNA transfection, MDM were
stimulated with 10 ng/ml of LPS and TNF-� release was mea-
sured by bioassay. Results showed 50 to 80% inhibition of
bioactive TNF-� protein release mediated by the three siRNAs
over a 4-day period (data not shown). This indicates rapid and
persistent TNF-� knockdown in MDM from 1 to 4 days post-
transfection using these siRNA transfection conditions.

To test if siRNA reduction of TNF-� in MDM had any effect
on DV replication, we transfected MDM with the same three
stealth TNF-� siRNAs and a negative control (scramble
siRNA) and then infected them with DV (MOI of 5). Exper-
iments were sampled at 32 h p.i., since at the usual sampling
point at 48 h, TNF-� mRNA could not be detected to confirm
siRNA mRNA knockdown. We know, however, that DV RNA
and infectious virus levels are similar at these two time points.
At 32 h p.i. supernatant was harvested and analyzed for viral
titer, DV RNA, and TNF-� mRNA and protein production.
Two of the three stealth siRNAs showed �75% inhibition of
TNF-� mRNA (data not shown) and protein release from
DV-infected MDM (Fig. 2A), showing efficient knockdown of
endogenous TNF-�. However, even with this high level of
TNF-� protein knockdown we still observed no difference in
virus replication (Fig. 2B). The lack of effect of siRNA knock-
down of TNF-� on DV replication was also observed at 48 h
p.i., although concomitant siRNA knockdown of TNF-� could
not be confirmed in these latter experiments.

Although we achieved high-level TNF-� mRNA and protein
knockdown, TNF-� was not completely abolished. We thus
next aimed to extend the siRNA knockdown studies by anti-
body blocking of endogenous TNF-� activity. MDM were iso-
lated and infected with DV, and at 24 h p.i., prior to the peak
of TNF-� release (7), neutralizing TNF-� antibody at 2.5
�g/ml or isotype-matched control antibodies were added. This
amount of TNF-� antibody is capable in our laboratory of
neutralizing �50,000 pg/ml of TNF-� activity by bioassay (data
not shown). In comparison, the cumulative level of TNF-�
released from DV-infected MDM in this study at 32 to 48 h p.i.
was 1,980 to 2,185 pg/ml, as determined by TNF-� ELISA
(data not shown). Cultures were supplemented with fresh me-
dium and antibodies throughout the experiment. DV replica-
tion profiles in the presence and those in the absence of TNF-�
antibodies showed little difference, suggesting that endog-
enously released TNF-� has no effect on DV replication in
MDM (Fig. 3). Further, cellular RNA extracted at 72 h showed
no difference in levels of DV RNA (data not shown).

DV-infected cells do not respond normally to exogenously
added TNF-�. Infection with hepatitis C virus, which like DV
belongs to the Flaviviridae family, has been shown to confer
resistance to TNF-� and alter TNF-� signaling in infected cells
(13, 17, 40, 47, 54). Since exogenous and endogenously added
TNF-� had no effect on DV replication, we aimed to investi-
gate if DV-infected cells could still respond to TNF-� by anal-
ysis of TNF-�-induced, NF-	B promoter-directed transcrip-
tion, and NF-	B nuclear translocation.

In contrast to the efficient uptake of siRNA observed in
MDM, large DNA constructs transfect these cells poorly.
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Thus, we used Huh7 hepatoma cells for these studies. Huh7
cells support active DV replication as shown by production of
infectious virus with time (Fig. 4A). DV infection was cytolytic,
resulting in cell death by 48 to 72 h p.i. (data not shown), and
thus, all analysis was performed at 24 h p.i. when there is active
replication and approximately 100% of cells were infected as
shown by immunostaining without a high degree of cell death
(results not shown). Huh7 cells were cotransfected with two
plasmids: (i) pT81-NF-	B-LUC, which regulates the transcrip-
tion of firefly LUC under an NF-	B-responsive promoter, and
(ii) pRL-TK, which contains the Renilla LUC gene under the
control of a constitutive TK promoter. Transfected cells were
infected with DV or mock infected with heat-inactivated virus,
and 24 h p.i., cells were either left untreated or treated with
TNF-� and LUC activity was measured (Fig. 4B). Mock-in-
fected, untreated cells showed basal levels of NF-	B-mediated
reporter gene transcription, and DV-infected cells without
TNF-� treatment had similar levels of LUC activity (Fig. 4B).
Addition of TNF-� to mock-infected cells saw a fivefold in-
crease in LUC activity, consistent with TNF-� stimulation of

NF-	B-mediated reporter gene transcription (Fig. 4B). In con-
trast, TNF-� stimulation of DV-infected cells failed to show
any increase in LUC activity. This lack of response to TNF-�
was similar in magnitude to DV inhibition of IFN-� signaling
(15; data not shown). Similar results were obtained from ex-
periments performed in 293-T cells, although in this cell type a
more modest 25 to 30% reduction in TNF-�-stimulated LUC
reporter gene activity in DV-infected cells was observed (data
not shown).

Since the reporter assays shown in Fig. 4B cannot be per-
formed in primary MDM, we investigated the effects of TNF-�
stimulation of DV-infected MDM by analyzing TNF-�-in-
duced NF-	B nuclear translocation by immunostaining for p65
NF-	B proteins and confocal microscopy and used Huh7 cells
for comparison. DV-infected and mock-infected Huh7 cells
that were not treated with TNF-� showed cytoplasmic staining
of NF-	B p65 proteins as expected (Fig. 5, panel 1). TNF-�
stimulation of mock-infected Huh7 cells led to clear translo-
cation of p65 NF-	B proteins to the nucleus in �95% of cells
(Fig. 5, panel 2; Table 1). However, TNF-� stimulation of
DV-infected Huh7 cells failed to induce nuclear localization of
NF-	B (Fig. 5, panel 2a to c) in cells that were confirmed to be
DV infected (Fig. 5, panel 2b). These data support the lack of
TNF-� signaling in DV-infected cells seen in reporter assays
shown in Fig. 4B. Similar results were observed in DV-infected
HepG2 cells but not in the lung fibroblast cell line A549, which,
unlike DV target cells such as MDM, Huh7, and HepG2 liver
cells, undergoes rapid and complete DV-induced cell death
within 48 h (data not shown). Cell-type-specific blocking of
TNF-� signaling by DV and its relationship to DV replication
or induction of cell death need to be investigated further.

In contrast to the clear cytoplasmic staining for NF-	B in
untreated Huh7 cells, mock-infected MDM that were not
treated with TNF-� showed a variable distribution of intracel-
lular NF-	B p65 proteins with most MDM showing NF-	B
proteins in both cytoplasm and nucleus or the nucleus exclu-

FIG. 2. siRNA knockdown of TNF-� in MDM has no effect on DV
replication. MDM were transfected with individual TNF-� siRNAs by
two rounds of 4-h transfection with 1.6 �M TNF-� siRNA 4, 5, or 6
infected with DV at an MOI of 5, and at 32 h p.i. cell culture super-
natants were analyzed. (A) TNF-� production (ELISA). Results were
expressed as a percentage of TNF-� released from DV-infected mock-
transfected MDM (2,027 pg/ml/24 h). Values are means 
 standard
errors of the means of two wells. (B) DV replication determined by
infectious virus release (PFU/ml, black bars) and negative-strand RNA
levels (white bars) in infected cells. In vitro-transcribed copy number
standards from DV2 capsid protein were used to quantitate negative
viral RNA using a tagged RT real-time PCR. Values represent
means 
 standard errors of the means from duplicate samples in RT
real-time PCR of a representative experiment per ng cyclophilin RNA.
Experiments were replicated (n � 2).

FIG. 3. Antibody blocking of endogenous TNF-� had no effect on
DV replication. MDM were infected with DV at an MOI of 5 and 24 h
after infection cells were treated with either anti-TNF-� antibodies
(2.5 �g/ml), isotype-matched control (2.5 �g/ml), or fresh medium.
Supernatant was collected every 24 h and replaced with fresh antibody
or medium. Infectious virus release was detected by plaque assay
(PFU/ml). Results are from a representative experiment and were
replicated (n � 3). No significant differences were observed in any
experiment.
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sively (Fig. 6, panel 1; Table 1). Similarly, DV-infected cells
without TNF-� treatment showed NF-	B proteins in both cy-
toplasm and nucleus or in the nucleus alone in most cells (Fig.
6, panels 1a to 1c). However, after stimulation with TNF-�,
mock-infected MDM clearly showed nuclear translocation of
NF-	B p65 protein in 100% of the cells (Fig. 6, panels 2 and 3).
In contrast dual analysis for NF-	B and DV antigens in DV-
infected MDM showed TNF-� stimulation of NF-	B nuclear
translocation in most DV-negative but only some DV-positive
cells within the MDM population (Table 1). Conversely, the
remaining 50% of TNF-�-stimulated, DV-positive staining
MDM showed no nuclear NF-	B (Fig. 6, panels 2 and 3a to
3c). The localization of NF-	B to the cytoplasm alone after
TNF-� stimulation was observed only in DV-infected cells.
Magnified images are shown for clarity (Fig. 6, panels 2 and
3d). These results suggest that the lack of nuclear movement of
NF-	B in response to TNF-� stimulation occurs only in DV-

infected cells but that effective TNF-� induction of NF-	B
nuclear translocation can still occur in uninfected bystander
cells and some DV-infected MDM.

Together, the observed lack of nuclear translocation of
NF-	B in response to TNF-� in DV-infected Huh7 and
HepG2 cells and reduced nuclear movement of NF-	B in DV-
infected MDM confirm the reporter assays shown in Huh7
cells and suggest that during established DV infection of rel-
evant target cell types such as macrophages and liver cells,
DV-infected cells are unable to respond normally to TNF-�
stimulation.

DISCUSSION

Our results show that DV replication in a relevant primary
cell system, MDM, which represent a key target of DV infec-
tion in vivo (24, 53), is largely unaffected by TNF-� and further
show an altered ability of DV-infected MDM and hepatoma
cells to effectively respond to TNF-� stimulation.

Addition of high concentrations of TNF-� had little effect on
DV replication with only a very small inhibition of DV repli-
cation in macrophages following 4-h pretreatment with TNF-�.
Similarly, blocking the activity of endogenously produced
TNF-� by siRNA knockdown or incubation of DV-infected
MDM with TNF-� antibodies also had no effect on DV repli-
cation. These results strongly suggest that DV replication is not
dramatically affected by either the addition of exogenous or the
blocking of endogenous TNF-� in the natural target cell, the
macrophage. With WNV, another flavivirus, addition of
TNF-� 1 h p.i. significantly reduces the number of infected
cells from TNF-�-deficient mice but has no effect in cells from
wild-type animals (11). These results of WNV infection in
wild-type cells show some similarities to our results for DV
replication with a small effect of pretreatment but lack of effect
of exogenously added TNF-� on DV replication when added at
later stages of infection. However, the lack of an antiviral
action of TNF-� contrasts sharply with the significant antiviral
actions of TNF-� seen in other viral systems such as CMV (48)
and herpes simplex virus type 1 (50).

Sera from patients with dengue hemorrhagic fever/dengue
shock syndrome contain greater levels of several proinflamma-
tory cytokines including TNF-� than do sera from individuals
with uncomplicated dengue fever (19, 20, 27, 30, 51), endothe-
lial cells can be activated by culture fluids from peripheral
blood monocytes infected with DV which can be abolished by
treatment of monocyte culture fluids with TNF-� antibody (2,
6), and anti-TNF-� treatment of mice infected with DV de-
creases fatality (3, 56), suggesting that TNF-� is at least in part
responsible for DV pathogenesis. Anti-TNF-� antibody treat-
ment, however, does not affect DV viremia in vivo (3), consis-
tent with our findings that blocking TNF-� does not affect DV
replication in cells in vitro. Thus, measures to block TNF-�
actions could improve clinical management of dengue compli-
cations, and our studies show that such approaches would not
compromise any ongoing antiviral role of TNF-� against DV
replication.

There are reports in the literature of hepatitis C virus block-
ade of TNF-� signaling (13, 40, 47, 54) and DV blockade of
IFN signaling (43, 44). Since we found no effect of TNF-� on
DV replication, we further investigated the ability of DV-

FIG. 4. DV-infected Huh7 cells do not respond to TNF-� stimula-
tion. (A) Replication profile of DV in Huh7 cells. Huh7 cells were
infected with DV at an MOI of 5, and supernatant was collected and
assayed for infectious virus release (PFU/ml). The peak of virus pro-
duction was seen at 48 h p.i. (B) DV inhibits TNF-�-stimulated NF-
	B-responsive transcription. Huh7 cells were cotransfected with
plasmids, containing the firefly LUC gene downstream of an NF-	B-
responsive promoter. At 24 h p.i. cells were treated with TNF-� (10
ng/ml) for 6 h or not treated. Cells were lysed and normalized against
protein concentration, and reporter activity was measured. Results
shown are representative of three independent experiments.
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infected cells to respond to TNF-�. TNF-� treatment of unin-
fected Huh7 cells stimulated NF-	B nuclear translocation and
reporter gene transcription, but TNF-� treatment of DV-in-
fected Huh7 cells did not. In MDM, addition of TNF-� to
mock-treated cells resulted in nuclear movement of NF-	B in
all cells. In stark contrast, addition of TNF-� to DV-infected
MDM resulted in movement of NF-	B in DV-negative stain-
ing cells but a lack of NF-	B nuclear translocation in approx-
imately 50% of DV-positive-staining cells within the DV-chal-
lenged MDM population. Together these results clearly
suggests DV inhibition of TNF-�-stimulated NF-	B activation
in Huh7 cells and a significant proportion of DV-infected
MDM. The observation that only 50% of DV-infected MDM
have altered TNF-� responses could be attributed to a number
of factors including differences in the stage of macrophage

maturation or DV replication, as is seen for NF-	B transloca-
tion only during the late stages of infection with CMV (29).

In contrast to our observed DV blockade of TNF-�-stimu-
lated NF-	B nuclear translocation, other studies have shown
DV activation of NF-	B (4, 8, 38), including a study showing
DV-induced nuclear movement of NF-	B in 60% of DV-in-
fected A549 cells (8). In these studies, including studies with
HepG2 hepatoma cells, similar to those used herein, the in-
fection models are immortalized cell lines and investigations
were performed at a time at which these cells undergo DV-
induced apoptosis, a cell death pathway well documented to
involve NF-	B activation. We have performed some limited
DV infection studies in A549 cells and observed DV-induced
nuclear movement of NF-	B in a much smaller percentage of
cells (10%) compared with the results of the work of Chang
et al. (8), but within 48 h these DV-infected cells are all killed
(data not shown). In our extensive studies reported herein,
using in vitro cell models representing DV infection of mac-
rophages and liver cells, two important primary cell targets for
DV in vivo, we did not observe DV induction of nuclear NF-	B
movement but instead observed DV blockade of TNF-�-stim-
ulated NF-	B activation, at a time of established DV infection
but with very little (3 to 10%) apoptosis (16, 42). Thus, while
high-level DV infection of cell lines may activate NF-	B and
induce apoptosis, during active DV replication in primary
MDM or hepatoma cell lines DV does not activate NF-	B and
in fact has the capacity to prevent its activation by TNF-�.

This is the first study to show that some DV-infected MDM
do not respond normally to TNF-� stimulation. A similar ob-
servation has been made for DV-infected dendritic cells (46).
TNF-� plays a role in differentiating dendritic cells (by increas-
ing expression of costimulatory and activation molecules), and
recent experiments have shown that DV-infected dendritic
cells do not up regulate costimulatory molecules CD80 and

FIG. 5. DV inhibits TNF-�-stimulated translocation of NF-	B proteins into the nucleus in Huh7 cells. Cells were mock infected with
heat-inactivated virus or infected with DV and treated with TNF-� for 30 min or not treated. Cells were fixed and stained with DV-positive patient
serum (red Alexa Fluor 546) and p65 NF-	B (green Alexa Fluor 488) and visualized by confocal microscopy. White arrows, nuclear NF-	B; white
lollipops, cytoplasmic NF-	B. Panels 1 and 2, mock-infected Huh7 cells not treated or treated with TNF-�, respectively; panels a to c, DV-infected
Huh7 cells. More than 95% of Huh7 cells were DV positive by comparison with uninfected controls stained for DV antigens or DV-infected Huh7
cells stained with a control DV-negative human serum (data not shown).

TABLE 1. Quantitation of NF-	B cellular localization after TNF-�
treatment or no TNF-� treatment

Treatment and
cell type

% of cells localized to:

Nucleus Cytoplasm Nucleus and
cytoplasm

� TNF-� � TNF-� � TNF-� � TNF-� � TNF-� � TNF-�

Huh7
Mock 100 0 0 100
DV 0 0 100 100

MDMa

Mock 100 48 0 2 0 50
DV positiveb 4 10 48 8 48 82
DV negativeb 100 48 0 2 0 50

a Results for MDM are representative of five fields (average, 10 cells per field)
viewed from each of three independent experiments.

b As assessed by DV antigen staining in the DV-challenged MDM population.
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CD86 in response to TNF-� (46). Thus, DV blocks responses
to TNF-� in infected dendritic cells as well as in macrophages
(as demonstrated in the current study), which via disruption of
the NF-	B signaling pathway may alter the stimulation of
many genes normally involved in immune responses. This may
complement the previously described DV-induced inhibition
of IFN-� signaling and yield multiple mechanisms for subver-
sion of the host immune response. Alternatively, our observed
blockade of TNF-�-stimulated NF-	B activation in DV-in-
fected cells may be an indirect consequence of viral mecha-
nisms that prevent NF-	B-mediated apoptosis or of dominant
utilization of essential components of the TNF-� signaling
pathway by DV that consequently results in the inability of
these factors to mediate TNF-� signaling. Further work is
needed to determine the mechanism of DV inhibition of re-
sponsiveness to TNF-� in order to understand its biological

relevance. Inhibition of TNF-� activation of NF-	B in hepatitis
C virus infection can be mediated by three hepatitis C virus
proteins (core, NS5A, and NS5B) (13, 40, 47, 54), while alter-
ation to expression of IFN-stimulated genes by DV NS4B,
NS4A, and NS2A and blockade of STAT-1 and ISRE pro-
moter activation by NS4B (43, 44) suggest a role for these DV
proteins in interfering with IFN signaling. Similarly, our cur-
rent studies aim to determine which DV proteins can mediate
inhibition of TNF-� responsiveness in DV-infected cells and
whether this is also accompanied by biological changes such as
cell susceptibility to apoptosis.

In conclusion, we have demonstrated that DV replication in
MDM is largely unaffected by addition of high levels of TNF-�
or by blocking production of endogenous TNF-� released by
these cells. We also have shown that DV-infected cells do not
respond normally to TNF-� stimulation by analyzing transcrip-

FIG. 6. DV inhibits TNF-�-stimulated translocation of NF-	B into the nucleus in 50% of DV-positive MDM. MDM were mock infected with
heat-inactivated virus or infected with DV and treated with TNF-� or not treated. After 30 min cells were fixed and stained with antibodies to DV
E antigen (red Alexa Fluor 546) and p65 NF-	B (green Alexa Fluor 488) and visualized by confocal microscopy. White arrows with solid heads,
nuclear NF-	B; white lollipops, cytoplasmic NF-	B proteins; white arrows with open heads, NF-	B proteins in both nucleus and cytoplasm. Panel
1, mock-infected MDM not treated with TNF-�; panels 2 and 3, mock-infected MDM treated with TNF-�; panels 1a to c, DV-infected MDM not
treated with TNF-�; panels 2a to c and 3a to c, DV-infected MDM treated with TNF-�; panels 2d and 3d, magnified images from panels 2c and
3c, respectively (DV-infected MDM treated with TNF-�). Of MDM, 24 to 30% were DV positive by comparison with uninfected controls stained
for DV antigens or DV-infected MDM stained with a matched control, normal mouse serum (data not shown). Results are representative of five
fields (average, 10 cells per field) viewed from each of three independent experiments.
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tion from an NF-	B-responsive promoter and viewing NF-	B
cellular location. These findings suggest that excessive levels of
TNF-� seen in DV-infected patients do not reduce viral rep-
lication in DV-infected macrophages and that active DV rep-
lication occurs in a cellular state of nonresponsiveness to
TNF-� which may reflect a viral mechanism for subverting host
antiviral responses or utilizing host cell functions.
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