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Monocytes/macrophages (MO/Mf) are the major target cells for both dengue virus (DV) and bacterial
lipopolysaccharide (LPS), and the aim of this study was to define their interactions. We had found that LPS
markedly suppressed DV infection of primary human MO/Mf when it was added to cultures prior to or
together with, but not after, viral adsorption. The inhibitory effect of LPS was direct and specific and was not
mediated by LPS-induced secretion of cytokines and chemokines such as tumor necrosis factor alpha, inter-
leukin-1b (IL-1b), IL-6, IL-8, IL-12, alpha interferon, MIP-1a, and RANTES. In fact, productive DV infection
was not blocked but was just postponed by LPS, with a time lag equal to one viral replication cycle. Time course
studies demonstrated that LPS was only effective in suppressing DV infection of MO/Mf that had not been
previously exposed to the virus. At various time points after viral adsorption, the level of unbound viruses that
remained free in the culture supernatants of LPS-pretreated cultures was much higher than that of untreated
controls. These observations suggest that the LPS-induced suppression of DV replication was at the level of
virus attachment and/or entry. Blockade of the major LPS receptor, CD14, with monoclonal antibodies MY4
or MoS39 failed to inhibit DV infection but could totally abrogate the inhibitory effect of LPS. Moreover,
human serum could significantly enhance the LPS-induced DV suppression in a CD14-dependent manner,
indicating that the “binding” of LPS to CD14 was critical for the induction of virus inhibition. Taken together,
our results suggest that LPS blocked DV entry into human MO/Mf via its receptor CD14 and that a
CD14-associated cell surface structure may be essential for the initiation of a DV infection.

Viral hemorrhagic fever poses a serious global health threat
(18). Among the causative agents, dengue virus (DV) infection
has the highest incidence rate and is the leading cause of viral
hemorrhagic fever in the world (18, 25). The clinical manifes-
tations of DV infection range in severity from a self-limited
febrile dengue fever to a potentially life-threatening dengue
hemorrhagic fever-dengue shock syndrome (DHF-DSS). Al-
though the pathogenesis of DV infection is not well known, a
serotype cross-reactive immune response is proposed as one of
the risk factors for DHF-DSS (15, 21). Monocytes/macro-
phages (MO/Mf) are the major target cells of DV in vivo and
in vitro (14, 15) and are responsible for the dissemination of
the virus after its initial entry via the mosquito vector. It has
been shown that soluble mediators released from DV-infected
MO/Mf exerted prominent influences on the biological prop-
erties of endothelial cells and hematopoietic populations (1, 6,
34). Therefore, interaction of DV with MO/Mf is likely to play
a central role in the pathogenesis of dengue illness.

Lipopolysaccharide (LPS) situated in the outer part of the
gram-negative bacterial cell wall is the key effector molecule
responsible for the pathogenesis of the endotoxic shock that
kills millions of people annually (26). LPS can stimulate
MO/Mf to secrete large amounts of pathophysiologically im-
portant mediators which act to potentiate cell activation, in-
flammatory reactions, and vascular modifications (26). In ad-
dition, LPS has been shown to modulate virus replication in

human MO/Mf (2, 4, 12, 19–20, 29, 38) and to amplify virally
induced, MO/Mf-mediated immune activation and immuno-
suppression (9, 27–28).

The myeloid differentiation antigen, CD14, serves as a major
binding receptor for LPS (42). This glycoprotein is predomi-
nantly expressed on MO/Mf plasma membrane via a glycosyl-
phosphatidylinositol (GPI) anchorage (16). Although LPS by
itself can bind to CD14, the binding efficiency is markedly
enhanced via complex formation with serum proteins such as
the LPS-binding protein (LBP) (13, 17, 33, 35). It has been
demonstrated that CD14 increased the sensitivity of the cells to
LPS but that CD14 per se did not confer LPS responsiveness
(23, 24). In fact, because GPI-linked CD14 lacks an intracel-
lular domain for transducing signals to the cell interior, an
additional transmembrane protein with low affinity for LPS has
been considered to provide the signal transduction function.
This putative molecule is conditionally associated with CD14
by LPS engagement to form the “multimeric LPS receptor” on
the surface of MO/Mf (23–24, 36–37) and may also play an
important role in activation of CD14-nonexpressing, LPS-re-
sponsive cells (10, 31).

Because both LPS and DV target primarily on the cells of
MO/Mf lineage, we designed an in vitro infection model with
primary human MO/Mf to investigate the interplay among
DV, LPS, and MO/Mf. We have demonstrated for the first
time that LPS can block DV infection of human MO/Mf,
probably because LPS can interact with a certain cellular bind-
ing structure which is vital for the attachment of the DV par-
ticles to the surface membrane receptor(s) of the target cells.
Furthermore, this inhibition is unrelated to subsequent
MO/Mf activation or induction of monokines.
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MATERIALS AND METHODS

Reagents, cytokines, and MAbs. Phenol-extracted LPS from Escherichia coli
serotype O55:B5 and zymosan A from Saccharomyces cerevisiae were purchased
from Sigma (St. Louis, Mo.). Phytohemagglutinin P (PHA) was obtained from
Difco (Detroit, Mich.). Recombinant human tumor necrosis factor alpha
(rhTNF-a) and recombinant human granulocyte-macrophage colony-stimulating
factor (rhGM-CSF) were obtained from R&D (Minneapolis, Minn.) and Gen-
zyme (Boston, Mass.), respectively. All cell culture media were purchased from
Life Technologies (Grand Island, N.Y.). Fetal calf serum (FCS) of defined grade
and the Pen/Strep solution were obtained from HyClone (Logan, Utah) and
Biological Industries (Kibbutz Deit Haemek, Israel), respectively. All cell culture
reagents were endotoxin free (,6 pg/ml) as determined by a Limulus amebocyte
lysate assay. Monoclonal antibodies (MAbs) against CD11b, CD14, and
HLA-DR were purchased from Dako (Glostrup, Denmark). Anti-CD14 MAb
MY4 was obtained from Coulter Immunology (Miami, Fla.), and MoS39 was
kindly provided by S. M. Goyert at North Shore University Hospital (New York,
N.Y.). The MAb 3H5 (D2V env-specific immunoglobulin G1 [IgG1]) was pro-
vided by D. J. Gubler of The Centers for Disease Control (Fort Collins, Colo.).

Preparation of virus stocks. DV strain 16681 (serotype 2) was propagated in
C6/36 mosquito cells that were cultured in Dulbecco modified Eagle medium
containing 10% FCS, 1.5% Pen/Strep solution, and 2 mM L-glutamine. These
cells were infected with DV at a multiplicity of infection (MOI) of 0.0005 PFU
per cell. After 2 h of viral adsorption at 28°C, the cell cultures were maintained
in 7% CO2-prefilled tissue culture flasks at room temperature for 9 days. There-
after, the culture supernatants were collected, filtered, and stored at 270°C until
use. The virus titer was 2 3 107 PFU/ml as determined by plaque assay on
BHK-21 cells (see below).

Isolation and culture of human MO/Mf. Human peripheral blood was ob-
tained from healthy donors 22 to 28 years of age. From the same venipuncture,
part of the blood was collected for obtaining autologous serum and the remain-
der was collected in a heparin-containing Vacutainer (Becton Dickinson, Frank-
lin Lakes, N.J.). After the platelet-rich plasma was depleted, the heparinized
peripheral blood was underlaid with Histopaque (Sigma) and then subjected to
density gradient centrifugation. The peripheral blood mononuclear cells
(PBMC) were collected, washed twice with Hanks balanced salt solution
(HBSS), and then resuspended in complete alpha minimal essential medium
(a-MEM) containing 10% heat-inactivated autologous human serum (DAHS)
and 2 mM L-glutamine. Approximately 2 3 106 PBMC were plated into 10-mm-
diameter tissue culture dishes (Corning) and incubated at 37°C with 7.5% CO2
for 2.5 h to allow monocyte adhesion. The nonadherent cells were removed from
the cultures by washing with HBSS three times, and the adherent cells were
detached by incubating the cells with an elution buffer (5 mM EDTA in phos-
phate-buffered saline [PBS] containing 5% FCS) for 15 to 20 min. The nonad-
herent cell fraction (5 to 10% monocytes, 85 to 90% lymphocytes, and ,5%
granulocytes) was resuspended in RPMI 1640 supplemented with 10% FCS and
used to prepare PHA (10 mg/ml)-stimulated (for 3 days), PBMC-conditioned
medium (PHA-CM). The isolated adherent cells were suspended at 4 3 105

cells/ml in the complete a-MEM and then seeded into 24-well (1 ml/well) or
48-well (0.5 ml/well) plastic tissue culture plates (Costar, Cambridge, Mass.).
These adherent cells contained more than 95% monocytes, as determined by
morphological examination (.96%), nonspecific esterase staining (.95%), and
phagocytosis of latex beads (.98%). Moreover, the cells were .90, .95, and
.98% positive for CD11b, CD14, and HLA-DR, respectively, as assessed with
flow cytometry and immunofluorescence microscopy. The monocytes were al-
lowed to differentiate into 1-week-old MO/Mf in vitro with a half-change of the
culture medium on day 5 after cell isolation.

MO/Mf activation. Cultured human MO/Mf were stimulated with LPS,
zymosan, PHA-CM, rhGM-CSF, and rhTNF-a (19) either before, after, or at the
same time as DV infection. The levels of MO/Mf-secreted TNF-a and some
other cytokines in the culture supernatants were measured and served as acti-
vation markers.

Infection of MO/Mf with DV. One- or seven-day-old MO/Mf were treated
with the stimulatory agents, such as LPS, described above or were left untreated
and were then used for DV infection. When the treatments were performed prior
to infection, the stimuli were usually incubated with the cells for 18 to 24 h or the
time period indicated (see Fig. 5). Thereafter, the treated and untreated cultures
were extensively washed with incomplete a-MEM three times and then inocu-
lated with DV at an MOI of 3 PFU per cell or according to the experimental
design. Viruses were then incubated with the cells in 0.2 to 0.25 ml of a-MEM
(serum free) at 37°C with gentle agitation every 15 min. After 2.5 h of adsorption,
the unabsorbed viruses were removed, and the cultures were washed twice and
replenished with fresh culture medium without the stimulatory agents. When the
treatments were performed after infection, the stimulatory agents were added to
the cultures immediately after viral adsorption or at the time point (see below).
In some experiments, LPS and DV stocks were simultaneously added to the
cultures and coincubated for 2.5 h in serum-free a-MEM or a-MEM containing
3% DAHS. After viral adsorption, all the cultures were further incubated for 40
to 48 h or the time period indicated. At the end of the incubation, culture
supernatants were collected and stored in aliquots at 270°C until use for assays
of cytokine secretion and infectious-virus production. The adherent MO/Mf

were harvested in fresh a-MEM by scraping the cell monolayers and then were
analyzed for intracellular infectious DV titers.

Blockade of CD14 with MAbs. Two anti-CD14 MAbs, MY4 and MoS39, that
can prevent both LPS-CD14 binding and subsequent MO/Mf activation (7, 39)
were used for cell surface CD14 blocking. The MAbs were added to the cultures
at a final concentration of 10 to 40 mg/ml at least 1 h before LPS treatment or DV
infection. The blocking effectiveness was determined by evaluating the inhibition
of LPS-induced TNF-a release from MO/Mf.

Assays for cell viability. Cell viability was examined by both trypan blue dye
exclusion test and MTT assay as previously described (27).

DV titration. The extracellular and intracellular infectious DV titers were
determined by plaque assay as the cytopathic effect on confluent monolayers of
BHK-21 cells cultured in MEM plus 10% FCS. Intracellular virions were re-
leased from the infected cells after three freeze-thaw cycles. When the adherent
BHK-21 cells reached 80 to 90% confluence, aliquots of supernatants or cell
cryolysates from DV-infected MO/Mf cultures were inoculated at 10-fold serial
dilutions between 1021 to 1026. After 2.5 h of viral adsorption, the BHK-21 cell
monolayers were overlaid with MEM containing 0.5% agarose (Sigma), 0.5%
FCS, and 2 mM L-glutamine. The cultures were incubated at 37°C for 6 days and
then counted for plaque formation after fixation with 10% formalin and staining
with 0.1% naphthalene black (Sigma).

Assay for cytokines. The levels of TNF-a and interleukin-6 (IL-6) in the
culture supernatants were measured by enzyme immunoassay using commer-
cially available kits purchased from Genzyme (Cambridge, Mass.). The enzyme-
linked immunosorbent assay (ELISA) kits used for the detection of IL-8, MIP-
1a, and RANTES were purchased from R&D, and those for the measurement of
IL-1b, IL-12, and IFN-a were obtained from Biosource (Camarillo, Calif.). The
assays were performed according to the instructions of the manufacturers.

Assay for DV binding to hCD14-transfected cells. 70Z/3 murine pre-B cells
and CHO cells stably transfected with vector containing human CD14 cDNA
(hCD14-70z/3 and hCD14-CHO) or mock-transfected with the vector only
(RSV-70z/3 and RSV-CHO) were generous gifts from S. Viriyakosol at The
University of California-San Diego. These cells were cultured as previously
described (23, 39). The hCD14-expressing cells were further enriched by positive
selection with a magnetic cell sorting (MACS) technology as previously described
(40). All of the reagents and the apparatus used for MACS were purchased from
Miltenyi Biotec (Sunnyvale, Calif.). The purified cells were more than 95%
hCD14 positive. Cells were suspended at 105 cells per 100 ml in cold PBS
containing 10% FCS and then incubated with DV at different MOIs (2, 5, or 10
PFU per cell) for 30 min on ice with slight shaking. The reaction tubes were
gently agitated every 5 min to maximize virus-cell contact. At the end of incu-
bation, the virus-cell mixture was washed to remove unbound viruses, and the
absorbed viruses were detected with MAb 3H5 and fluorescein isothiocyanate-
conjugated goat anti-mouse secondary antibody. The control groups were tested
by the same procedure except that the cells were not exposed to the viruses. The
percentages of DV-bound cells and the extent of virus binding were assessed by
fluorescence-activated cell sorter (FACS) analysis.

RESULTS

Pretreatment with LPS inhibits DV infection of primary
human MO/Mf. Pretreatment of MO/Mf with LPS for 20 to
24 h significantly inhibited DV infection, resulting in an ap-
proximately 1- to 2-log reduction in both extracellular and
intracellular infectious virus yields from either 1- or 7-day-old
MO/Mf (Fig. 1). Although a considerable variability in the
extent of inhibition was noted in MO/Mf obtained from dif-
ferent donors, the virus yields from LPS-pretreated cultures
were invariably at a very low level, ranging from ,0.05 to 10%
of the untreated controls (data not shown). The LPS-induced
reduction in virus yield was not due to cell death because
.99% of the viable cells could be identified by trypan blue dye
exclusion in both LPS-treated and untreated cultures and be-
cause the MTT assay revealed similar results. In contrast, how-
ever, when LPS was added after infection, such an inhibition
was no longer observed (Fig. 1).

Pretreatment of MO/Mf with LPS was effective at very low
concentrations (10 and 100 pg/ml) in inducing an inhibitory
effect upon DV infection, and the maximal inhibition was de-
tectable at a dose of $10 ng/ml of LPS (Fig. 2A). The DV
yields were proportional to the input MOIs in both LPS-
treated and untreated cultures. In addition, the suppressive
effect of LPS on DV production was less pronounced with a
high-input MOI (Fig. 2B).
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LPS-stimulated monokine secretion and MO/Mf activation
is not responsible for the inhibition of DV infection. We next
assessed the possible roles of several MO/Mf-derived cyto-
kines and chemokines, including TNF-a, IFN-a, IL-1b, IL-6,
IL-8, IL-12, MIP-1a, and RANTES, in mediating the inhibi-
tory effect of LPS. At all time points postinfection, the levels of
the mediators were higher in the supernatants of the cultures

treated with LPS after DV infection and much lower or even
undetectable in the supernatants of the cultures pretreated
with LPS or in those without any LPS treatment (data not
shown). The apparent lack of inverse correlation between viral
yields and cytokine levels indicates that the suppression of DV
production was not mediated by the cytokines.

To investigate whether or not MO/Mf activation is related

FIG. 1. Effect of LPS treatment on the production of infectious DV by young monocytes (A) and differentiated macrophages (B) cultured for 1 and 7 days,
respectively. For each infection experiment, three comparison groups were included. (i) MO/Mf were infected with DV without any stimulation (DV alone), (ii) LPS
(5 or 10 mg/ml) was added to the cultures and incubated for 22 h before DV infection (LPS-DV), and (iii) LPS (5 mg/ml) was added to the cultures 6 h (A) or 12 h
(B) after viral adsorption (DV-LPS). The cells were infected with DV at an MOI of 3 PFU per cell. After 42 to 46 h of infection, cells and culture supernatants were
collected and assayed for both intracellular and extracellular infectious virus production. For each experimental point, triplicate wells were performed, and the results
are given as the mean 6 the standard error (SE).

FIG. 2. Dose-response inhibition of DV infection of MO/Mf by LPS. (A) Seven-day-old cells were left untreated or were treated with increasing concentrations
of LPS (10 pg/ml to 25 mg/ml) for 24 h and then infected with DV at an MOI of 3 PFU per cell. (B) Six-day-old MO/Mf were left untreated or were treated with 5
mg of LPS per ml for 22 h and then infected with DV at an MOI of 5, 0.5, 0.05, or 0.005 PFU per cell. After viral adsorption, cells were incubated with fresh medium
without LPS. Culture supernatants were harvested after 44 to 46 h of infection and assayed to determine the infectious-virus titers. Each experimental point is presented
as the mean 6 the SE of results obtained from three separate wells.
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to DV suppression, we stimulated the cells with several potent
MO/Mf activators. Pretreatment of MO/Mf with zymosan
and PHA-CM had no effect on infectious DV production, as
shown in Fig. 3A and B. Interestingly, when MO/Mf were
pretreated with LPS combined with PHA-CM, a partial resto-
ration of the viral yield was observed and the production of
cytokines such as TNF-a and IL-6 was also markedly promoted
in these cultures (not shown). Similarly, the addition of high
doses of rhGM-CSF (20,000 U/ml) or rhTNF-a (20 and 2,000
ng/ml) prior to DV infection had no effect on infectious virus
production (Fig. 3C). Taken together, these data clearly ex-
clude the possibility that the inhibitory action of LPS on DV
infection is mediated by LPS-induced MO/Mf activation
and/or cytokine secretion.

Pretreatment with LPS results in a delayed but not abortive
DV replication. To elucidate the influence of LPS treatment on
the kinetics of DV replication, we studied the short- and long-
term growth kinetics of DV in various MO/Mf cultures. As
shown in Fig. 4, no infectious virions were produced or re-
leased before 12 h postinfection in all of the cell cultures.
Intracellular and extracellular infectious DV became detect-
able at between 12 and 18 h postinfection (Fig. 4A), peaked at
48 h, and progressively declined thereafter (Fig. 4B). In LPS-
pretreated cultures, however, DV production was suppressed
and virus production was minimal by 28 h postinfection (Fig.
4A). Nevertheless, there was a subsequent increase in viral
yield at about 48 h (Fig. 4B), indicating that the production of
infectious DV was delayed rather than blocked by LPS pre-
treatment. The time lag of the postponed log phase was equal
to one replication cycle (about 14 h) of the virus. The failure to
achieve one-step growth of DV in these cultures implies that
an inefficient initial infection (i.e., virus attachment and pene-
tration) might be induced by LPS pretreatment.

LPS acts on an early event of viral life cycle to inhibit DV
infection. To understand the stage of viral life cycle at which
LPS acted to inhibit DV infection, we analyzed the time course
of the effectiveness of LPS treatment. As illustrated in Fig. 5,
the production of infectious DV was markedly suppressed
when LPS was added to the cultures as early as 1.5 h prior to
DV infection. The magnitudes of reduced viral yield were
independent of the duration of LPS preincubation. Further-
more, treatment of MO/Mf with LPS at the same time as DV
infection was equally effective in inhibiting DV infection (Fig.
5B). However, if LPS was added to the cultures 1.5 h or even

immediately after virus adsorption, the viral yield was unaf-
fected. In 20 separate experiments, LPS treatment was only
effective in suppressing DV infection of MO/Mf that had not
been previously exposed to DV. These data strongly suggest
that LPS acts at the receptor level or during the early events of
virus entry.

To determine whether the blockade of portals for virus entry
served as a mechanism by which LPS exerted its inhibitory
effect, we measured the titers of unbound viruses that re-
mained free in the culture supernatants at various time points
after virus inoculation. The level of unabsorbed viruses in the
LPS-pretreated cultures after 1.5 h of virus inoculation was
1.5-fold higher than that in the untreated controls. Such a
discrepancy increased with time, and the titer of unbound
viruses in the LPS-pretreated cultures after 8 h of virus inoc-
ulation was more than fourfold higher than that in the un-
treated controls (1.4 3 105 and 3.2 3 104 PFU/ml, respective-
ly). These results imply that LPS pretreatment may block DV
attachment to the cells.

Role of CD14 in the LPS-mediated suppression of DV in-
fection of MO/Mf. According to the results presented above,
it is likely that LPS inhibited DV infection of MO/Mf by
preventing virus entry into the cells. Thus, we investigated
whether or not the major LPS binding receptor, CD14, was
involved in the LPS-induced inhibition of DV infection. As
shown in Fig. 6, blockade of membrane CD14 before LPS
treatment with either one of the two anti-CD14 MAbs, MY4
and MoS39, could completely abolish the inhibitory effect of
LPS (Fig. 6, columns c to f). On the other hand, MAbs alone
had no effect on DV infection (Fig. 6, columns g and h).
Furthermore, blockade of CD14 before the coincubation of
MO/Mf with LPS during viral adsorption could also reverse
the suppression of the DV yield (Table 1), suggesting that
these MAbs acted during an early event of LPS-CD14 inter-
actions to abrogate the suppressive effect of LPS. Moreover,
these results also exclude the possibility that LPS alone may
directly react with DV to reduce its infectivity in that DV could
effectively infect anti-CD14 MAbs-pretreated MO/Mf even in
the presence of LPS during viral adsorption.

To test the possibility that other LPS-binding regions of
CD14 not recognized by MY4 and MoS39 may mediate DV
infection of human MO/Mf (39), we performed a binding
assay with hCD14-transfected or mock-transfected CHO cells
and 70z/3 murine pre-B cells by FACS analysis. There was a

FIG. 3. Effects of MO/Mf activators and stimulatory cytokines on DV infection of MO/Mf. One-week-old MO/Mf were left untreated or were treated with LPS
(5 mg/ml), zymosan (50 mg/ml), PHA-CM (20% [vol/vol]), rhGM-CSF (20,000 U/ml), or rhTNF-a (20 ng/ml), either alone or in combination, for 20 to 24 h. The cells
were then washed and infected with DV at an MOI of 3 PFU per cell. Culture supernatants were harvested after 42 to 46 h of infection and assayed for infectious-virus
titers. Each experimental point is expressed as the mean 6 the SE.
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dose-dependent binding of DV to all of these cells. For CHO
cells, the percentages of fluorescent positive cells after 30 min
of incubation were 44.75 (MOI 5 2), 51.31 (MOI 5 5), and
63.48 (MOI 5 10). The levels of virus binding were similar for
mock- and hCD14-transfected cells. The lack of increased virus
binding to hCD14-transfected cells suggests that the CD14
molecule is not essential for DV binding. Taken together, our

observations suggest that CD14 molecule per se is not required
for DV infection, although this protein is involved in LPS-
mediated blockade for DV entry.

Effect of human serum on the CD14-dependent inhibition of
DV infection by LPS. To investigate whether enhancing the
efficiency of LPS “binding” to CD14 would increase the LPS-
induced DV inhibition, we examined the role of human serum

FIG. 4. Kinetics of DV replication in primary human MO/Mf. Infection
experiments on 7-day-old (A) and 6-day-old (B) MO/Mf cultures were per-
formed with three comparison groups (DV alone, LPS-DV, and DV-LPS) as
described in the legend to Fig. 1. For LPS-DV, LPS at a concentration of 6 mg/ml
was incubated with the cells for 22 h prior to infection and for DV-LPS, LPS was
added to the cultures immediately after viral adsorption. All cultures were
infected with DV at an MOI of 3 PFU per cell and then incubated to follow the
short-term (A) and long-term (B) kinetics of extracellular and intracellular
infectious virus production. For each time point, three separate wells were
prepared and analyzed, and the results are presented as the mean 6 the SE.

FIG. 5. Time course of the effectiveness of LPS treatment on reducing DV
yields. (A) LPS (5 mg/ml) was added to the 7-day-old MO/Mf cultures 15 or 1.5 h
prior to or 1.5 h after viral adsorption, which was performed in 0.25 ml of
serum-free a-MEM. (B) LPS was added to MO/Mf cultures 20 h before, to-
gether with, or immediately after viral adsorption, which was performed in
a-MEM supplemented with 3% DAHS. The inoculated MOI was 3 PFU per cell.
After 44 h of infection, culture supernatants were harvested and assayed to
determine the infectious-virus titers. Each experimental point is expressed as the
mean 6 the SE of results obtained from three independent wells. Control, no
LPS treatment.

FIG. 6. Blockade of LPS-induced suppression of DV infection by two anti-
CD14 MAbs, MY4 and MoS39. One-week-old MO/Mf were infected with DV
at an MOI of 3 PFU per cell without any treatment (a) or were treated with LPS
(5 mg/ml) for 20 h prior to DV infection (b). In addition, MO/Mf were prein-
cubated with 10 or 20 mg of MY4 per ml (c and d, respectively) or with 20 or 40
mg of MoS39 per ml (e and f, respectively) for 2 h before the addition of LPS
(i.e., 22 h prior to DV infection). Some cultures were incubated with 10 mg of
MY4 per ml for 2 h (g) or 20 mg of MoS39 per ml for 22 h (h) prior to DV
infection, without a subsequent LPS treatment. In some cultures, MY4 was
added after 2 h of viral adsorption (i). Each experimental point represents the
mean 6 the SE of results obtained from three separate wells.
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in this event based on the assumption that some serum factors
can accelerate the delivery of LPS to CD14 (13, 17, 33, 35).
Coincubation of MO/Mf with LPS during viral adsorption in
the absence of serum resulted in an inhibition rate of viral yield
of about 60% (Table 1). However, if autologous human serum
was added to the cultures, the inhibition rate was significantly
increased to .90%. These results indicate that human serum
can augment the inhibitory effect of LPS. Furthermore, the
increased loss of viral yield caused by the cooperative actions
of LPS and human serum could be completely rescued by the
blockade of CD14 with MY4 or MoS39, indicating that the
enhancing effect of human serum on the LPS-induced DV
suppression is also mediated by CD14.

DISCUSSION

A variety of mechanisms underlie the modulation of LPS in
viral infections of human MO/Mf (2, 4, 12, 19–20, 29, 38). In
the present study, we report that LPS suppressed DV infection
of MO/Mf through a novel mechanism that has not been
demonstrated in other viral infections. The suppression was
LPS specific and was not associated with cell activation. The
myeloid antigen CD14 was the key molecule mediating the
LPS-induced suppression of DV infection and human serum
played a role in the enhancement of such an inhibition.

LPS was known to induce massive MO/Mf activation and
the release of a wide variety of soluble mediators that are
responsible for the in vitro antiviral effect of LPS on several
viral infections of human MO/Mf (4, 12, 19–20, 38). However,
we failed to observe any relationship between DV yields and
the levels of secreted cytokines and chemokines in the MO/Mf
cultures (data not shown). In addition, stimulation of MO/Mf
with other activators such as zymosan, PHA-CM, rhTNF-a,
and rhGM-CSF had no inhibitory effect on DV infection, de-
spite the fact that these agents are equally potent in triggering
MO/Mf activation and cytokine secretion (Fig. 3). Further-
more, when LPS was added after viral infection, no reduction
in viral yield could be seen from day 1 through day 8 (Fig. 4).
Taken together, these results strongly suggest that the suppres-
sion of DV infection could be explained neither by MO/Mf
activation nor by the indirect effects of the LPS-induced mono-
kines.

Studies of the short- and long-term kinetics of DV replica-
tion in various MO/Mf cultures demonstrated that LPS-in-
duced suppression of DV production occurred early within the
first replication cycle and that the production of infectious
viruses was merely postponed but not blocked by LPS (Fig. 4).
Such a delay of DV production was not attributable to an
LPS-induced cytoplasmic accumulation of infectious virions
(5) in that the production of intracellular viruses in LPS-pre-
treated cultures was also decreased to a similar extent and their
production kinetics were parallel to those of extracellular vi-

ruses (Fig. 1 and 4). The fact that LPS must be added before
cell exposure to DV in order to be effective strongly suggests
that LPS acted during an early event in virus entry. Further-
more, the level of unbound viruses that remained free in the
supernatants of LPS-pretreated cultures was much higher than
that of the untreated controls at various times after viral ad-
sorption, indicating that the LPS-induced suppression may re-
sult from a reduced level of virus attachment to the cells.
Furthermore, despite the fact that 5 min was sufficient for
maximal LPS binding to MO/Mf and the induction of cytokine
synthesis (11), the observation that treatment with LPS even
immediately after viral adsorption failed to suppress DV in-
fection further supports the idea that LPS must exert its inhib-
itory action before virus-cell attachment takes place. In fact,
since the time lag of the postponed virus production was equal
to the duration for completing one replication cycle of DV, the
infectious virions produced during this delayed log phase may
be derived from the progeny viruses that reinfected new target
cells. This is probably caused by an inefficient initial infection
with a lower level of virus entry to achieve one-step growth.

The primary determinant for the establishment of a success-
ful viral infection of target cells is the presence of specific
cellular receptors that mediate virus entry (41). Thus, it is
possible that LPS suppressed DV infection by masking the
cellular receptors for DV on human MO/Mf, thus making it
less accessible. The fact that coincubation of MO/Mf with LPS
during viral adsorption markedly inhibited DV infection fur-
ther supports the hypothesis that LPS and DV may share and
compete for a common cellular receptor. Therefore, we spec-
ulated that the major LPS binding receptor CD14 may be
exploited by DV for the infection of human MO/Mf. How-
ever, the observations that blockade of this molecule with MY4
or MoS39 did not suppress DV production (Fig. 6) and that the
binding assay revealed similar levels of virus binding to mock-
and hCD14-transfected cells clearly indicate that the CD14
molecule per se is not essential for DV infection.

Although CD14 by itself does not mediate DV infection, this
protein may be involved in the LPS-mediated inhibition of DV
entry into human MO/Mf. Blockade of CD14 with either MY4
or MoS39 before LPS treatment could entirely abrogate the
inhibitory action of LPS (Fig. 6). More importantly, blockade
with MY4 or MoS39 could restore the virus yield reduced by
coincubating LPS during DV adsorption (Table 1), indicating
that these MAbs blocked an early event in the process of
LPS-CD14 interaction (i.e., LPS-CD14 binding) to ablate the
LPS-induced DV suppression. Furthermore, there exist some
serum factors, such as LBP, that are not required for LPS-
induced MO/Mf activation but that can make complexes with
LPS and accelerate its binding to CD14 (13, 17, 33, 35). Our
observation that human serum could enhance the LPS-sup-
pressed DV infection in a CD14-dependent manner further
supports the notion that binding of LPS to CD14 alone without

TABLE 1. Effect of human serum on the CD14-dependent inhibition of DV infection of MO/Mf by LPSa

Expt
no.

Virus titer in PFU/ml (% inhibition) with (1) or without (2):

2DAHS 1DAHS

2LPS 1LPS 1MY4, 1LPS 1MoS3, 1LPS 2LPS 1LPS 1MY4, 1LPS 1MoS39, 1LPS

1 2.31 3 105 8.46 3 104 (63.4) 2.20 3 105 (4.7) 2.46 3 105 (26.5) 6.53 3 104 3.50 3 103 (94.6) 5.07 3 104 (22.4) 6.67 3 104 (22.1)
2 2.74 3 105 9.23 3 104 (66.3) 2.43 3 105 (11.2) ND 1.14 3 105 1.03 3 104 (90.9) 1.21 3 105 (26.1) ND

a Seven-day-old primary human MO/Mf obtained from two different donors (i.e., experiments 1 and 2) were used. The cells were infected with DV at an MOI of
3 PFU per cell. Viral adsorption was performed in serum-free a-MEM (2DAHS) or a-MEM containing 3% DAHS (1DAHS), either with or without 5 mg of LPS per
ml (1LPS and 2LPS, respectively) for 2.5 h. Before coincubation of LPS and DV, some cultures were pretreated overnight with 20 mg of MY4 per ml (1MY4) or
30 mg of MoS39 (1MoS39) per ml. After 44 h of infection, culture supernatants were harvested and assayed to determine the infectious-DV titers. ND, not determined.
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subsequent cell activation is sufficient for mediating the inhi-
bition of virus replication.

Considerable evidence suggests that the LPS receptor on
MO/Mf is a multiprotein complex containing CD14 and an
unidentified, conditionally linked transmembrane signal trans-
ducer (10, 23–24, 31–32, 36–37). This putative coreceptor func-
tions in accepting LPS from CD14 with a low binding affinity
for LPS. Considering the involvement of CD14 in the LPS-
mediated blockade for DV entry, this putative molecule is
likely to serve as a receptor for DV entry. Based on this
hypothesis, we propose a model for DV entry into human
MO/Mf that is represented schematically in Fig. 7. In the
absence of LPS, DV may use this putative structure as its
receptor to infect MO/Mf (Fig. 7A). However, if cells are
exposed to LPS before or at the same time as the DV infection,
CD14 will first accept LPS due to its high affinity and then
deliver LPS to the putative DV binding molecules. As a result,
access of DV to the cell is denied, and this results in the
inhibition of DV infection (Fig. 7B). Blockade of CD14 with
MAbs reduces the efficiency of LPS to interact with the pos-
tulated molecules due to their low affinity. Under this circum-
stance, DV will infect MO/Mf via this molecule without in-
terference (Fig. 7C). Recently, CD14 has been shown to serve
as a multipurpose receptor that recognized a diverse array of
bacterial constituents and triggered innate immune responses
by cooperating with an associated polyspecific signal trans-
ducer (22, 30). Indeed, taxonomically unrelated viral patho-
gens are also known to share common cellular receptors (3). In
the present study, our model raises the possibility that a cell
surface structure on MO/Mf may be targeted both by a bac-
terial component and a viral pathogen.

Previous studies have revealed that both LPS-induced
MO/Mf activation and DV infection of human MO/Mf re-
quired a trypsin-sensitive protein on the surface of these cells
(8, 37). Together with the findings presented here, it seems
clear that structural-biology approaches are warranted in the
future to elucidate whether LPS and DV have similar receptor-
binding properties or structures and whether they exploit a
common or related pathway to manifest their toxicity (32). We
provide here a valuable model for the understanding of the
interactions between DV and MO/Mf by way of the interac-
tions between bacterial endotoxin and the CD14 molecules.
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