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Dengue virus (DV) primarily infects blood monocytes (MO) and tissue macrophages (M�). We have shown
in the present study that DV can productively infect primary human MO/M� regardless of the stage of cell
differentiation. After DV infection, the in vitro-differentiated MO/M� secreted multiple innate cytokines and
chemokines, including tumor necrosis factor alpha, alpha interferon (IFN-�), interleukin-1� (IL-1�), IL-8,
IL-12, MIP-1�, and RANTES but not IL-6, IL-15, or nitric oxide. Secretion of these mediators was highlighted
by distinct magnitude, onset, kinetics, duration, and induction potential. A chemokine-to-cytokine hierarchy
was noted in the magnitude and induction potential of secretion, and a chemokine-to-cytokine-to-chemokine/
Th1 cytokine cascade could be seen in the production kinetics. Furthermore, we found that terminally
differentiated MO/M� cultured for more than 45 days could support productive DV infection and produce
innate cytokines and chemokines, indicating that these mature cells were functionally competent in the context
of a viral infection. In addition, DV replication in primary differentiated human MO/M� was enhanced and
prolonged in the presence of lipopolysaccharide (LPS), and LPS-mediated synergistic production of IFN-�
could be seen in DV-infected MO/M�. The secretion of innate cytokines and chemokines by differentiated
MO/M� suggests that regional accumulation of these mediators may occur in various tissues to which DV has
disseminated and may thus result in local inflammation. The LPS-mediated enhancement of virus replication
and synergistic IFN-� production suggests that concurrent bacterial infection may modulate cytokine-medi-
ated disease progression during DV infection.

Infection with dengue virus (DV) has results ranging widely
in severity, from self-limited dengue fever to potentially fatal
dengue hemorrhagic fever-dengue shock syndrome, which rep-
resents the leading viral hemorrhagic fever in the world, with
500,000 cases annually (20, 21). Virus-specific, serotype-cross-
reactive immune responses during secondary DV infection
may give rise to more severe forms of dengue hemorrhagic
fever-dengue shock syndrome due to antibody-mediated en-
hancement of DV infection of monocytes/macrophages (MO/
M�) and/or activation of memory T lymphocytes (22, 23, 31,
50). Both of these mechanisms highlight the important role of
antigen-specific immunity. However, only a few patients with
secondary infection develop dengue hemorrhagic fever-dengue
shock syndrome, and dengue hemorrhagic fever-dengue shock
syndrome can also occur in primary DV infection (5, 14, 30, 57,
66). It is likely that dysregulation of certain types of innate and
bystander immune activation may play a role in exacerbating

disease progression during either primary or secondary DV
infection.

MO/M� are the prime targets of DV both in vitro and in
vivo (22, 23). MO/M� comprise heterogeneous subpopulations
with distinct properties and functions (18, 19, 65). MO are the
blood precursors of tissue M�. Circulating MO undergo dif-
ferentiation and migrate through blood vessel walls to various
tissues, where they mature into differentiated resident tissue
M�. Although the differentiation stage of MO/M� is crucial in
determining the susceptibility of these cells to productive in-
fection by a number of viruses (25, 29, 48, 59, 61), the definitive
influence of MO/M� differentiation on DV infection has not
been established. In addition, it has recently been shown that
human MO-derived dendritic cells (DC) can be infected and
activated by DV (39, 67). Since DC can also differentiate from
CD14� MO both in vivo and in vitro (35, 47, 53), it is inter-
esting to see if there is any difference between M� and DC in
response to DV infection and their potential impact on immu-
nity and pathogenesis.

Cytokines play an important role in the pathogenesis of DV
infection (50), and serum levels of certain cytokines are ele-
vated during DV infection (8, 33, 34). However, the physio-
logical roles of plasma and compartmental cytokines might be
different (51); it is thus important to investigate the cytokines
released from virally infected, differentiated MO/M�. Further-
more, it is known that interleukin-12 (IL-12) and alpha inter-
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feron (IFN-�) play a crucial role in initiation of Th1-type
immune responses and activation of natural killer (NK) cells
and cytotoxic T lymphocytes (CTL) during viral infection (6, 7,
15, 60). Although MO/M� were thought to be one of the major
cell sources of these cytokines, evidence on IL-12 production
directly induced by virus infection of human MO/M� is not
available.

It has been demonstrated that infection with certain viruses
impairs the production of cytokines by MO/M� in response to
bacterial stimulation (1, 9, 13, 26, 36, 37, 56, 58). This mech-
anism of virally induced, MO/M�-mediated immunosuppres-
sion may partly account for the detrimental outcome of viral
infection followed by a superinfection with bacterial patho-
gens. On the other hand, bacterial lipopolysaccharide (LPS)
was able to regulate virus replication and virally induced cyto-
kine production by human MO/M�. We have previously doc-
umented a novel interaction among DV, LPS, and CD14 at the
surface of primary human MO/M� (10). Hence, we asked
whether the regulatory effect of LPS and viral impairment of
cytokine production could be observed in DV infection of
human MO/M�.

Appreciable progress in understanding the pathogenesis of
DV infection has been made by a number of recent studies on
virus-host cell interactions. However, a majority of these stud-
ies have focused on DV infection of different types of cancer-
ous cells derived from various animal species, and it is impor-
tant to understand the interaction of DV with its principal
target cell, human MO/M�. Because DV is strictly a human
pathogen and no appropriate animal model is available, we
established an in vitro infection model using primary cultures
of human MO/M� at different stages of differentiation. We
found that DV can productively infect MO/M� in all differen-
tiation states and subsequently trigger the secretion of multiple
innate cytokines and chemokines. Production of these media-
tors varied remarkably in magnitude, onset, kinetics, duration,
and induction potential and could be regulated by varying the
initial infectious dose. Furthermore, LPS could modify both
the magnitude and the kinetics of virus replication and cyto-
kine secretion after DV infection of MO/M�.

MATERIALS AND METHODS

Virus. DV strain 16681 (serotype 2), which was initially isolated from a dengue
hemorrhagic fever patient, was used for infection. The preparation and titers of
virus stocks were described previously (10).

Primary culture of human MO/M�. Peripheral blood MO were isolated from
dengue-naïve donors and cultured as described previously (10). Briefly, periph-
eral blood mononuclear cells were obtained from heparinized whole blood by
density gradient centrifugation on Histopaque (Sigma, St. Louis, Mo.) and then
incubated in complete alpha minimal essential medium (�-MEM) (Life Tech-
nology, Grand Island, N.Y.) containing 10% freshly prepared, heat-inactivated
autologous human serum and 2 mM L-glutamine at 37°C with 7.5% CO2 for 2.5 h

to allow MO adhesion. Thereafter, the cultures were washed extensively with
Hanks’ balanced salt solution (HBSS) three times to remove nonadherent cells,
and adherent cells were detached by incubating the monolayers with an elution
buffer (6 mM EDTA in phosphate-buffered saline supplemented with 5% fetal
calf serum). The adherent cells were resuspended in complete �-MEM at a
density of 4 � 105 cells per ml and then cultured in 24-well (1 ml/well) or 48-well
(0.5 ml/well) tissue culture plates (Costar, Cambridge, Mass.) at 37°C with 7.5%
CO2. These purified adherent cells contained more than 95% MO, as described
previously (10).

In vitro differentiation of MO into M�. MO were cultured in complete
�-MEM containing 10% heat-inactivated autologous human serum in the ab-
sence of any stimulus to allow spontaneous differentiation into M� of various
ages, from less than 1 day to more than 45 days of cultivation. Half of the culture
medium was replaced with fresh complete �-MEM every 5 to 6 days. The
remaining conditioned medium was essential to promote differentiation and
survival of MO/M�. The cells grown in this long-term culture system were
MO/M� and not DC in that they showed the typical MO/M� nonspecific ester-
ase staining pattern, possessed no dendritic process, and expressed CD14,
CD11b, and CD68, and no CD1a was detected (see Results).

Phagocytosis and cytochemistry. The phagocytic capacity of MO/M� was
assessed by incubating the cells with incomplete �-MEM containing yeast cells
(108/ml) or latex beads (1.1 �m in diameter; Sigma) at 37°C for 30 min. The
cytoplasmic peroxidase and nonspecific esterase activities were analyzed as de-
scribed previously (65). The production of cytoplasmic superoxide was detected
by a nitroblue tetrazolium reduction test.

Infection of MO/M� with DV. MO/M� in different stages of differentiation
were washed twice with HBSS and then once with incomplete �-MEM to
remove heat-inactivated autologous human serum in culture medium. The
cells were then infected with DV at a multiplicity of infection (MOI) of 2 to
3 PFU per cell or as indicated. For long-term cultures, we used initial
numbers of MO to calculate the MOI. The virus inoculum (about 40 to 60 �l
per well of a 48-well plate) was incubated with the cells in serum-free �-MEM
(final volume of 0.2 to 0.25 ml) at 37°C for 2.5 h to permit viral adsorption.
The culture plates were gently agitated every 15 to 20 min for optimal
virus-cell contact. Thereafter, the unabsorbed viruses were removed by wash-
ing the cell monolayers once with HBSS and then once with complete
�-MEM. The DV-infected and uninfected MO/M� cultures were replenished
with fresh complete �-MEM and further incubated for 40 to 48 h or the time
periods indicated. At the end of incubation, the cell-free supernatants and
adherent MO/M� (in fresh �-MEM) were harvested separately and stored in
aliquots at �70°C until assayed for infectious-virus production and cytokine
secretion.

Stimulation of DV-infected MO/M� with LPS. After washing and replenish-
ment with fresh culture medium, LPS (Escherichia coli serotype O55:B5; Sigma)
at different concentrations (from 0 to 5 �g/ml) was added to the infected
MO/M� and maintained in the culture until the end of incubation.

DV titration. The titers of both extracellular and intracellular DV were de-
termined by plaque assay on BHK-21 cells as previously described (10).

Assay for cytokines and chemokines. The levels of IL-8, IL-15, MIP-1�, and
RANTES in the culture supernatants were measured with enzyme-linked immu-
nosorbent assay kits purchased from R & D (Minneapolis, Minn.). The enzyme-
linked immunosorbent assay kits for detection of IL-1�, IL-12 (both p40 subunit
and p70 heterodimer), tumor necrosis factor alpha (TNF-�), and IFN-� were
obtained from Biosource (Camarillo, Calif.), and the detection reagents for IL-6
and TNF-� were purchased from Genzyme (Cambridge, Mass.). The assays were
performed according to the instructions of the manufacturers. Nitric oxide pro-
duction was assayed by measuring the levels of nitrite in the culture supernatants
with the Griess assay.

FIG. 1. Morphological development and enzymatic and phagocytic activity of primary differentiated human MO/M�. Cell morphology of
MO/M� cultured for 1 day (A), 2 to 3 days (B), 7 days (C), 10 days (D and F), 14 days (E), 45 days (G), and 50 days (H) is shown. MO/M� grew
slowly for the first 4 to 5 days, and after 5 days of culture the cells enlarged rapidly and reached confluence at about day 7 to day 8. MNGC formed
at �day 5, and huge, osteoclast-like MNGC were generated at �10 days of culture. After 6 weeks of culture, the cells decreased in size, and
condensed cytoplasm was evident in every single cell as a feature of aging (G and H). Degeneration of MNGC was noticeable after 6 weeks of
culture, in which the edge of the MNGC was vague (G) and disappeared with time (H). (F) Liu’s stain of MNGC. (I) Nitroblue tetrazolium
reduction by MNGC. (J) Nonspecific esterase staining of MNGC. Phagocytosis of yeasts by 9-day-old, differentiated mononuclear MO/M� (K) and
MNGC (L) is shown. Magnifications: (A to C, G, and H) �84; (D to F) �126; (I to L) �840.
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RESULTS

Morphological changes during MO/M� differentiation. As
presented in Fig. 1, freshly isolated MO were small in size and
evenly distributed. After 2 days of cultivation, these cells began
to enlarge and make contact, with frequent formation of cell
clumps. Around 5 to 6 days of culture, the cell monolayers
reached subconfluence, and subpopulations of cells began to
fuse and form small multinucleated giant cells (MNGC), which
contained about 2 to 3 nuclei per cell. After 6 to 7 days, the
number of MNGC increased markedly and the cell monolayer
reached confluence. Afterwards, the size of MNGC enlarged
progressively, and the number of nuclei in a single MNGC
increased from 2 to more than 10, although some MO/M�
remained mononuclear. At about 10 days after culture, huge
MNGC which possessed about 40 to 50 nuclei formed and
were osteoclast-like in morphology (18, 19, 28).

After 2 to 3 weeks of culture, lipid droplets appeared in the
cytoplasm of most of the cells and increased in quantity with
time. Along with cytoplasmic lipid accumulation, there was a
reduction in the size of MNGC and the number of nuclei in a
single MNGC. The cell population exhibited heterogeneous
morphology throughout the course of differentiation. There
was significant donor-to-donor and experiment-to-experiment
variability in the speed and extent of cell differentiation and
MNGC formation and the duration that the cultures could be
maintained (from 30 days to 	100 days). The phagocytic and
nonspecific esterase activity increased with cell differentiation,
while the nitroblue tetrazolium reduction capacity remained
the same. Strikingly, peroxidase activity could only be detected
in cells cultured for less than 2 days. In addition, cell surface
expression of CD14 decreased (from 98% to 80%) and that of
CD68 increased (	90%) with cell differentiation. High levels
of CD11b and HLA-DR expression were sustained throughout
the course of cell differentiation (	90%).

Effects of cell differentiation on DV infection of human MO/
M�. The effect of cell differentiation on the susceptibility of
primary human MO/M� to DV infection was explored based
on infectious-virus production. As shown in Fig. 2, the titers of
infectious viruses from cells cultured for 1 day to more than 6
weeks were identical and were approximately 105 PFU per 4 �
105 cells at �42 h postinfection. The individual-to-individual
and experiment-to experiment variability was invariably mini-
mal (
1 log PFU/4 � 105 cells) with MO/M� obtained from
�20 different donors in more than 50 experiments. These

results indicate that human MO/M� are fully susceptible to
DV infection regardless of the stage of differentiation.

Kinetic studies showed that intracellular and extracellular
infectious viruses were synthesized and released after 12 h of
infection, followed by a log phase of growth, and peak viral
yields were detectable at about 36 to 48 h postinfection (Fig.
3A). The yields of infectious viruses then progressively de-
clined, but infectious virus could still be detected in the culture
medium of infected cells even after 1 week of infection (Fig.
3B). No noticeable cell death could be seen after DV infection,
based on trypan blue dye exclusion and the MTT assay (not
shown), indicating a lack of direct DV-induced cytotoxicity.

Secretion of multiple cytokines and chemokines by primary
differentiated MO/M� after DV infection. We next explored
the profile of cytokines and chemokines generated by DV-
infected human MO/M�. As shown in Fig. 3 and Table 1, after
DV infection of 1-week-old MO/M�, secretion of the proin-
flammatory cytokines IL-1� and TNF-� and the Th1/NK-stim-
ulatory cytokines IL-12 and IFN-� was induced and constitu-
tive secretion of the CXC chemokine IL-8 and the CC
chemokines MIP-1� and RANTES was markedly enhanced.
Although human MO/M� can be stimulated to release IL-6,

FIG. 2. Production of infectious DV by primary human MO/M� at
various differentiation stages. Peripheral blood MO were cultured for
1 day or 1, 3, or 	6 weeks, washed, and then infected with DV at an
MOI of 2 to 3 PFU per cell in the absence of serum. After 2.5 h of viral
adsorption, the cells were washed, and the cultures were further incu-
bated with fresh complete medium for 40 to 48 h. At that time, the
culture supernatants were harvested and assayed for infectious-virus
production. The results are expressed as the mean � standard error of
pooled data from the number of separate experiments shown in pa-
rentheses with cells obtained from up to 20 different donors.

TABLE 1. Dose-dependent release of infectious viruses, cytokines, and chemokines by DV-infected MO/M�a

Input
MOI

(PFU/cell)

Virus yield
(PFU/ml)

Mean concn of Pyrogenic
cytokines (pg/ml) � SE

Mean concn of Th1/NK-stimulatory
cytokines (pg/ml) � SE Mean concn of CXC and CC chemokines (pg/ml) � SE

TNF-� IL-1� IL-12 IFN-� IL-8 MIP-� RANTES

0 (mock) UD UD UD UD 1,975.03 � 109.35 112.09 � 1.33 34.52 � 3.22
5 4.83 � 105 134.99 � 12.07 18.63 � 1.31 339.18 � 25.97 248.17 � 11.98 74,224.81 � 1136.30 19,165.06 � 135.12 813.82 � 67.90
0.5 1.54 � 105 15.46 � 4.61 UD 97.81 � 3.00 68.19 � 4.06 58,406.18 � 439.15 2,095.56 � 488.74 381.30 � 26.72
0.05 3.28 � 104 UD UD 15.29 � 2.65 9.10 � 0.49 27,045.24 � 463.80 293.02 � 4.96 218.95 � 9.42
0.005 1.68 � 103 UD UD UD UD 9,370.08 � 339.44 134.23 � 0.70 200.65 � 17.79

a Seven-day-old MO/M� were washed and then either mock infected with C6/36 cell-conditioned medium or infected with DV at an MOI of 5, 0.5, 0.05, or 0.005
PFU per cell. After 2.5 h of viral adsorption, cells were washed twice to remove unabsorbed viruses and then replenished with fresh complete �-MEM. Culture
supernatants were collected at 44 h postinfection and analyzed for titers of infectious viruses, cytokines, and chemokines. The results shown were obtained from one
representative experiment with cells derived from the same donor for strict comparison among these cytokines and chemokines. Each experimental point represents
the results obtained from three independent wells. UD, undetectable (
7 pg/ml).

9880 CHEN AND WANG J. VIROL.



FIG. 3. Short-term (A) and long-term (B) production kinetics of various cytokines and chemokines in 7-day-old human MO/M� after DV
infection. The cells were cultured and infected as described in the legend to Fig. 2. At the indicated times, the culture supernatants were harvested
and assayed for release of infectious viruses, cytokines, and chemokines. The cryolysates of infected MO/M� were analyzed for intracellular
infectious-virus titers. The results shown in panels A and B were derived separately from one of the representative experiments. Each time point
represents the mean � standard error of results from three independent wells. The levels of these cytokines and chemokines in the supernatants
of mock-infected control cultures remained constant before and after infection over time: (A) average values were 462 to 600 pg/ml for IL-8, 336
to 617 pg/ml for RANTES, 82 to 196 pg/ml for MIP-1�, and below the detection limit for IFN-� (
5 pg/ml) and IL-12 (
2 pg/ml); (B) average
values were 1.7 to 2.8 ng/ml for MIP-1�, 2.4 to 4.2 ng/ml for IL-8, and 0.32 to 0.35 ng/ml for RANTES.
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IL-15, and nitric oxide, we failed to detect these secretory
products at any time after DV infection.

When the production kinetics was examined (Fig. 3), it was
found that the enhanced secretion of IL-8 took place by 18 h
postinfection and was sustained after 1 weeks of infection.
Significant enhancement of RANTES secretion was observed
about 2 days postinfection, peaked by day 4, and then subsided
to the normal constitutive level by 8 days postinfection. The
augmented production of MIP-1� occurred by 28 h postinfec-
tion, peaked at day 2, and then subsided to the constitutive
level by 6 days postinfection. Furthermore, no IL-12 induction
was observed by 28 h after infection, whereas induction of
IFN-� was rapid (
18 h postinfection).

Size of inoculum affects cytokine secretion. As shown in
Table 1, release of infectious progeny viruses and each of the
cytokines and chemokines after DV infection was dependent
on the initial dose of input virus. Notably, at any MOI, the
magnitude of secretion was invariably higher for the chemo-
kines IL-8, MIP-1�, and RANTES, intermediate for IL-12 and
IFN-�, and much lower for TNF-� and IL-1�. In parallel, the
minimal infectious dose required for induction (or enhance-
ment) of secretion varied remarkably among these mediators.
Enhancement of MO/M� secretion of IL-8, MIP-1�, and
RANTES required only a trace amount of input virus (MOI �
0.005 PFU per cell). Induction of IL-12 and IFN-� required a
higher initial virus input (MOI � 0.05), while much higher
initial infectious doses were needed for the induction of TNF-�
and IL-1� (MOI � 0.5 and 5 for TNF-� and IL-1�, respec-
tively).

In addition, treatment of cells with very low concentrations
of LPS triggered the release of large amount of TNF-�, IL-1�,
and IL-6 but not IFN-� (data not shown), indicating that the
cytokine-chemokine profile observed here is likely to be DV
specific and is not merely a general consequence of MO/M�
activation. Our results clearly demonstrated that MO/M� se-
cretion of chemokines (IL-8, MIP-1�, and RANTES) could be
induced much more efficiently by DV infection than that of the
other cytokines tested. Moreover, DV was also a potent in-
ducer of IL-12 and IFN-�, but was a poor inducer of TNF-�
and IL-1�.

Role of terminally differentiated human MO/M� in DV
infection. Although the phenotypes and enzymatic activities
have been characterized (28, 62–64), little information is avail-
able on the functions of terminally differentiated human MO/
M�, particularly with respect to viral infection and cytokine
secretion. The average life span of human MO/M� in vivo
ranges from 1 to 2 months. We therefore cultured blood-
derived MO for 45 days and infected these lipid-laden, fully
mature MO/M� with DV (Fig. 4). We established a long-term
culture system using autologous serum in the culture medium
in the absence of any exogenous growth factors, cytokines, or
other stimuli that are required for growth, differentiation, and
maintenance of other types of leukocytes, including DC. It is
known that under such culture conditions, MO/M� survive for
only weeks.

Surprisingly, these terminally differentiated cells were fully
susceptible to productive DV infection, releasing large
amounts of infectious virions by 24 h postinfection. The viral
yields peaked at 36 to 48 h after infection, with titers of 2 � 105

PFU and 3 � 103 PFU per 4 � 105 cells for extracellular and

intracellular viruses, respectively. Compared to 1-week-old
MO/M�, production of intracellular infectious viruses by these
terminally differentiated MO/M� was only transient and less
prominent. In addition, DV infection neither induced cyto-
pathic effect nor affected cell survival.

Most importantly, after DV infection, these terminally dif-
ferentiated MO/M� secreted cytokines and chemokines with a
profile and hierarchy similar to those observed in 7-day-old
MO/M� (Fig. 3 and 4 and Table 1). The peak titers reached
�90 ng/ml, 25 ng/ml, and 2 ng/ml for IL-8, MIP-1� and RAN-
TES, respectively. On the other hand, the peak titers of IL-12,
IFN-�, and TNF-� were between 100 and 200 pg/ml, whereas
the peak titer of IL-1� was only about 50 pg/ml. In addition,
the time course of secretion was distinct among these cytokines
and chemokines and, to some extent, similar to that observed
in 7-day-old MO/M� (Fig. 3). Induction (or enhancement) of
IL-8, MIP-1�, and TNF-� secretion commenced early after
infection (�24 h), followed by RANTES, IL-1�, and IFN-�
(�36 h). Secretion of IL-12 was again slightly delayed (�48 h).
Moreover, secretion of MIP-1� and TNF-� peaked at �2 days
after infection, coinciding with the peak time of infectious-
virus production. Secretion of IL-1� secretion peaked at �3
days postinfection, whereas the peak time of RANTES and
IFN-� release occurred at �4 days after infection. By contrast,
secretion of IL-8 and IL-12 did not attain peak levels until 7
days postinfection. Furthermore, secretion of TNF-�, MIP-1�,
and RANTES was relatively transient, while the levels of IL-8,
IL-12, and IFN-� were sustained at high values even at 14 days
after infection, a time more than 1 week after infectious-virus
synthesis had ceased. Although secretion of IL-1� declined
gradually after 3 days postinfection, the levels remained de-
tectable at the end of the experiment (2 weeks postinfection).

Effect of LPS on DV replication and induction of IFN-�.
Viral infection of MO/M� could be modulated by LPS. Since
infection with bacteria can occur during DV infection, we
examined the consequences of MO/M� infection by DV in the
presence of LPS. Primary differentiated, 7-day-old MO/M�
were infected with DV and then treated with LPS, which re-
mained in the culture throughout the course of infection. The
virus titers of LPS-treated and untreated MO/M� cultures
were similar before 48 h postinfection, the log phase of viral
replication (Fig. 5B and data not shown). However, after this
point, both intracellular and extracellular viral yields in cul-
tures without LPS dropped more rapidly than those with LPS,
resulting in significantly higher viral yields and prolonged du-
ration of viral replication in the LPS-containing cultures (Fig.
5). The cell numbers and viability were similar between the two
groups by the end of the experiment.

It is known that viral infections can impair MO/M� cytokine
production in response to LPS stimulation (1, 9, 13, 26, 36, 37,
56, 58). We therefore investigated LPS-stimulated cytokine
secretion by DV-infected human MO/M�. We found that DV
infection did not impair cell responsiveness to LPS stimulation
in secretion of the innate cytokines and chemokines tested
above. Instead, an additive or synergistic production after LPS
stimulation could be seen in DV-infected MO/M� cultures
(our unpublished observations). More importantly, although
LPS per se did not induce MO/M� secretion of IFN-�, it
markedly enhanced DV-induced secretion of IFN-� from
these differentiated cells (Fig. 5B). Such an augmentation oc-
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FIG. 4. Kinetics of virus replication and cytokine secretion in terminally differentiated human MO/M� after DV infection. Peripheral blood
MO were cultured with �-MEM containing 10% heat-inactivated autologous human serum that was half-replaced with fresh complete �-MEM
every 5 to 6 days to promote MO/M� differentiation. After 45 days of culture, the cells were washed and infected with DV at an MOI of 3 PFU
per cell. Culture supernatants were harvested at the time points indicated and assayed for infectious-virus production and cytokine secretion. Cell
cryolysates were analyzed for intracellular infectious-virus titers. For each time point, three separate wells were prepared and analyzed, and the
results are expressed as the mean � standard error. Some error bars are too small to be seen. The levels of these cytokines and chemokines in
the supernatants of mock-infected control cultures remained constant after infection over time. The average values were 2.2 to 3.6 ng/ml for IL-8,
0.14 to 2.16 ng/ml for MIP-1�, 343 to 464 pg/ml for RANTES, and below the detection limit for IL-1� (
2 pg/ml), IL-12 (
2 pg/ml), TNF-� (
2
pg/ml), and IFN-� (
5 pg/ml). NA, not available.
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curred shortly after infection (
24 h), a time when the enhanc-
ing effect of LPS on DV replication was still not evident (Fig.
5B). These data suggest that the enhancement of DV-induced
MO/M� IFN-� production by LPS might not result from in-
creased virus replication and does not promptly suppress virus
production.

DISCUSSION

In the present study, we examined the production of infec-
tious viruses and secretion of cytokines and chemokines by
primary human MO/M� after DV infection and explored the
modulatory effect of cell differentiation and bacterial LPS. To

our knowledge, this report provides the first evidence for direct
induction of IL-12 production by human MO/M� exposed to a
viral pathogen and supports the idea that MO/M� are one of
the sources for IL-12 during viral infection. Furthermore, we
provide new insight into M� biology by demonstrating that
terminally differentiated human MO/M� are capable of sup-
porting virus replication and producing multiple cytokines and
chemokines. Thus, these mature cells are physiologically com-
petent in the context of viral infection.

MO/M� differentiation and DV infection. Many studies
have shown that cell susceptibility to viral infection is altered
during in vitro cultivation of human MO/M� (25, 29, 48, 59,

FIG. 5. Effects of LPS on DV replication and DV-induced IFN-� production in differentiated human MO/M�. Seven-day-old MO/M� were
washed and then left uninfected or infected with DV at an MOI of 3 PFU per cell. After 2.5 h of viral adsorption, cells were washed and replenished
with fresh complete medium. After 6 h of infection, the cultures were either left untreated (�/LPS) or treated with 5 �g of LPS per ml (�/LPS).
Culture supernatants were harvested at different time points and analyzed for extracellular infectious-virus and IFN-� titers. Cell cryolysates in
fresh �-MEM of the same volume were used for titration of intracellular infectious viruses. (A) LPS enhanced and sustained DV replication at
later times postinfection. (B) Enhancing effect of LPS on DV-induced IFN-� secretion at early times postinfection. For each time point, three
separate wells were prepared and analyzed, and the results are expressed as the mean � standard error. Titers of IFN-� in the mock-infected
control cultures were below the detection limit (
7 pg/ml). Representative data out of four independent experiments are shown. Some error bars
are too small to be seen.
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61). It has been reported that immature promonocytic U937
cells were not infected by DV unless they had been provided
with a differentiation signal and become M�-like prior to DV
infection (45). In the present study, we demonstrated that DV
could productively infect primary human MO/M� regardless
of the state of cell differentiation (Fig. 2, 3, and 4). Our ob-
servations imply that DV can propagate in differentiated tissue
M� as well as in blood MO. The noncytopathic, productive DV
infection that proceeded with MO/M� differentiation, along
with the production of intracellular infectious virions, sug-
gested that blood MO may act as a carrier for disseminating
this blood-borne virus to different tissues. This proposed mech-
anism might partly account for the systemic symptoms ob-
served in dengue fever.

Production of innate cytokines and chemokines in a hierar-
chical manner. Some reports have demonstrated the produc-
tion of cytokines or chemokines after in vitro DV infection of
different types of cells, including monocytic cells (38, 55), en-
dothelial cells (3), blood MO (2, 32), liver Kuppfer cells (41),
a mast cell/basophil line (27), cord blood mononuclear cells
(43), and MO-derived DC (39). In the present study, we at-
tempted to obtain an integrated view of the cytokine-chemo-
kine responses of human MO/M� to DV infection by using
long-term primary cultures and simultaneously comparing the
production kinetics and dose responses. More importantly, the
potential modifying effects of cell differentiation and a micro-
bial stimulus (LPS) were also explored.

(i) Differential magnitude and kinetics of secretion. After
DV infection of MO/M�, various cytokines and chemokines
were released with distinct quantities, kinetics, and durations.
For a given MOI, the magnitude of IL-8 secretion was highest,
followed by that of MIP-1� and RANTES. The levels of
IFN-�, IL-12, and TNF-� were intermediate, while increased
secretion of IL-1� was only marginal. This hierarchy was the
same for both 1-week-old and 45-day-old MO/M� (Fig. 3 and
4 and Table 1). Moreover, the production kinetics between
these two MO/M� cultures was also similar. The onset of IL-8,
MIP-1�, and TNF-� secretion occurred earlier than that of
RANTES, IL-1�, and IFN-�, while the onset of IL-12 release
was slightly delayed. Secretion of MIP-1�, RANTES, IL-1�,
and TNF-� peaked at early times after DV infection (�2 to 4
days) and declined thereafter. By contrast, IL-8, IL-12, and
IFN-� persisted at high levels long after the production of
infectious viruses and other cytokines and chemokines had
ceased or subsided (up to 2 weeks postinfection). This might
result from either constant production or stability of these
mediators, and our observations warrant further study at the
gene expression level.

(ii) Differential induction potential. We showed that the
minimal initial virus input required for DV-induced secretion
varied significantly among the cytokines and chemokines of
different categories (Table 1). These observations provide sev-
eral novel implications. First, because IL-8, MIP-1�, and
RANTES could readily be induced by small amounts of virus,
it is likely that these chemokines can be induced rapidly at the
initial phase of DV infection, when the virus load is still low.
Second, induction of IL-12 and IFN-� did not require a high
MOI, indicating that signals for activation of Th1-type immune
responses can be provided by DV-infected MO/M�. Finally, it
has been a prevailing thought that IL-1� and TNF-� are the

key mediators for development of dengue hemorrhagic fever-
dengue shock syndrome. Nevertheless, the requirement for
high doses of DV to induce small amounts of TNF-� and IL-1�
suggests that by the time these two cytokines are detectable
(8), the virus load and other cytokines and chemokines had
reached pathophysiological levels and had detrimental conse-
quences.

(iii) Secretion by terminally differentiated MO/M�. The
immunoregulatory role of terminally differentiated human
MO/M� was not known, particularly with respect to viral in-
fection. We have shown here that blood MO cultured in vitro
for more than 45 days secreted multiple cytokines and chemo-
kines in response to DV infection (Fig. 4). Similarly, it has
been reported that DV infection of human liver Kupffer cells,
albeit abortive, can result in significant cytokine production
(41). The discrepancy in cell permissiveness to DV reflects the
functional heterogeneity of MO/M� and the complexity of the
virus-host relationship.

(iv) Immunopathophysiological significance. (a) Inflamma-
tion. The clinical presentations of dengue fever and dengue
hemorrhagic fever-dengue shock syndrome reveal many signs
of local inflammation, which may result from extravasation of
leukocytes to sites of infection. The onset and peak of chemo-
kine production by differentiated MO/M� that occurred at
early times after DV infection indicated that these molecules
may play a role in early recruitment of different subsets of
leukocytes and take part in the early response to viral infection
as well as tissue injury (7, 11, 16, 17, 49, 51, 52). Interestingly,
endothelial cells can release chemokines after DV infection
(3), suggesting a possible cooperative interaction of these two
types of cells in leukocyte trafficking by differential production
of chemokines.

(b) Th cells and CTL. It is conceivable that production of
IFN-� and IL-12 by DV-infected differentiated MO/M� may
act to prevent activated effector lymphocytes from death and
maintain and/or amplify Th1-type immune activation in vivo
even after virus clearance (6, 7, 15, 42, 60). Moreover, RAN-
TES was shown to preferentially recruit and activate T lym-
phocytes with the memory phenotype (54) and thus might be
important for rapid T-cell effector functions during secondary
DV infection.

(c) NK cells. It is known that MIP-1�, RANTES, IFN-�, and
IL-12 can induce NK cell activation, chemotaxis, adhesion, and
transendothelial migration (6, 7, 17, 49). MIP-1� was also
shown to possess dual roles in viral infection by conferring NK
cell-mediated protection and tissue inflammation (11, 52).
Therefore, regulation of NK cell activity by these mediators
may affect DV infection and tissue injury (50).

(d) Hemostasis. Some of the innate cytokines, such as
TNF-�, IFN-�, and MIP-1�, can suppress hemopoiesis (17, 46,
49, 64). Secretion of these mediators by DV-infected MNGC
may contribute to the bone marrow suppression observed in
dengue fever and dengue hemorrhagic fever-dengue shock syn-
drome (55).

LPS exacerbates DV infection. Concurrent bacterial infec-
tion during the course of a viral infection usually aggravates
disease progression (4, 12, 44). Here we showed that produc-
tion of infectious DV was enhanced and prolonged in the
presence of bacterial LPS, suggesting a potential role for bac-
terial infection in increasing viral load during DV infection.
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We have previously demonstrated that treatment of MO/M�
with LPS prior to or together with but not after viral adsorp-
tion markedly inhibited DV infection (10). Together with the
data presented here, it is clear that LPS was able to block DV
entry but unable to elicit an intracellular antiviral state of
human MO/M� for DV clearance. By contrast, treatment of
MO/M� with IFN-� either prior to or at 6 h after viral adsorp-
tion potently suppressed DV replication (our unpublished re-
sults). Taken together, these observations point to a unique
and novel dichotomous effect of LPS on DV infection of hu-
man MO/M� that is dependent on the timing of cell exposure
to LPS and DV. The questions of how and at what stage(s) LPS
acts to enhance DV replication require further investigation.

Notably, although LPS by itself was unable to induce IFN-�
production, it potently augmented DV-induced secretion of
this IFN at early times after infection and throughout infec-
tion. This was consistent with the fact that priming of human
MO/M� was needed for LPS-stimulated IFN-� production
(24). Interestingly, early augmentation of IFN-� was not con-
comitant with an immediate decrease in DV replication in the
LPS-treated cultures (Fig. 5). Given the multiple roles of
IFN-� in shaping both innate and adaptive immunity, en-
hanced IFN-� production by DV-infected MO/M� treated
with LPS provided a potential pathogenic mechanism whereby
bacterial coinfection may modulate immunity and/or immuno-
pathology during DV infection. (12, 44).

Potential distinct roles for M� and DC in DV infection. DC
are potent antigen-presenting cells that can initiate immune
responses by transporting antigens to secondary lymphoid or-
gans and prime naïve antigen-specific T cells there. It was
found that DC could also differentiate from CD14� MO both
in vitro and in vivo (35, 47, 53), suggesting divergent pathways
for MO differentiation. The ability of DV to infect both my-
eloid DC and self-differentiated M� indicates that this virus is
able to infect “differentiated cells derived from MO origin”
(39, 67). Given the fact that DC prefer to migrate to secondary
lymphoid organs and MO/M� tend to home to multiple vari-
ous peripheral tissues, it is tempting to speculate that these two
types of antigen-presenting cells play distinct roles in DV in-
fection: infected DC undergo maturation and transport den-
gue virus antigens to secondary lymphoid organs to initiate
immunity, whereas MO/M� act as a Trojan horse for the virus,
spreading to various peripheral organs and mediating inflam-
matory reactions in situ.

In addition, the consequences of DV infection of MO-de-
rived DC have been described by Libraty et al. (39), who
showed weak production of IL-12 at 2 days postinfection. It is
interesting that, after infection of the terminally differentiated
MO/M� with DV, there was a dramatic increase in IL-12
secretion by 7 days postinfection (Fig. 4). The delayed IL-12
production might result partly from the inhibitory effect of
certain early cytokines, such as TNF-� (40). Thus, the decline
in TNF-� might account for the rapid release of IL-12 at �7
days after infection (Fig. 4).

Immunopathogenesis of DV infection. Based on our find-
ings, a cytokine-mediated inflammation and pathogenic cas-
cade in DV infection are proposed. First, early secretion of
chemokines would form a local gradient and specifically recruit
various subsets of circulating leukocytes to sites of infection.
Meanwhile, these chemokines, together with IL-12, TNF-�,

and IL-1�, act locally on endothelial cells to increase vascular
permeability and adhesion molecule expression, facilitating
blood leukocyte adherence and diapedesis. As a result, in-
creased numbers of inflammatory cells are brought to sites
where antigen-bearing tissue M� are located. Thereafter, the
cellular infiltrates are further influenced by the synergistic ef-
fects of cytokines and chemokines released from infected tis-
sue M� and undergo functional maturation. More importantly,
the long-lasting cytokines, such as IL-12, IFN-�, and IL-1�,
may contribute to the differentiation, activation, and mainte-
nance of antigen-specific or bystander CTL, Th1, and NK cells
in secondary lymphoid as well as peripheral tissues. These
effector cells exert cytotoxic actions and secrete IFN-�, IL-2,
and other mediators that would eventually modify host im-
mune responses.

We suggest that for DV infection, protection or pathogen-
esis is determined at the interface of innate and adaptive im-
munity controlled by innate cytokines produced as a conse-
quence of the interaction of DV with its principal target cells,
human MO/M�.
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