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Abstract
Background Dengue virus (DENV) infection is a serious
public health issue without specific treatment. We
examined the potential immunomodulatory effects of
leflunomide, a dihydroorotate dehydrogenase inhibitor

commonly prescribed for arthritis, in DENV-stimulated
monocyte-derived dendritic cells (mo-DCs).
Methods mo-DCs were prepared from purified monocytes.
Cytokine and chemokine concentrations were determined
by enzyme-linked immunosorbent assay. Expression of cell
surface markers or viral E protein was measured by flow
cytometry. The activation of transcription factors and
kinases was determined by electrophoretic mobility shift
assays, Western blotting, or immunoprecipitation kinase
assays. Chemotaxis assays were used to determine cell
migration.
Results Leflunomide at therapeutic concentrations inhibited
cytokine and chemokine production from DENV-infected
mo-DCs. Leflunomide suppressed mo-DC maturation by
downregulating the expression of both CD80 and CD86. In
addition, leflunomide inhibited DENV-induced mo-DC
migration and mo-DC response to chemoattractants
CCL19 and CCL21. Inhibition of mo-DC migration was
likely due to the suppression of CCR7 expression on mo-
DCs. These events were associated with the suppression of
nuclear factor kappa B and activator protein-1 signaling
pathways by leflunomide.
Conclusions Leflunomide preserves immunosuppressive
effects, inhibiting activation of DENV-stimulated mo-DCs.
Leflunomide may be helpful in the development of
therapeutics for DENV infection.
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DSS dengue shock syndrome
DHODH dihydroorotate dehydrogenase
IKK IκB kinase
NF-κB nuclear factor kappa B
MAPK mitogen-activated protein kinase
JNK c-Jun N-terminal kinase
ERK extracellular signal-regulated kinase
AP-1 activator protein-1
MCP-1 monocyte chemoattractant protein-1
MIP-1α macrophage inflammatory protein-1α
RANTES regulated upon activation, normal T cell

expressed and secreted

Introduction

Dengue viruses (DENV) are positive-strand RNA viruses
belonging to the mosquito-borne Flaviviridae family.
DENV infection has been a major public health concern
worldwide, especially in tropical and subtropical countries.
The clinical manifestations after DENV infection include
dengue fever and potential fatal phenomenon such as
dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS). Epidemiological analysis reveals that the
estimated annual occurrence worldwide is around
50,000,000–100,000,000 cases for dengue fever and
250,000–500,000 cases for DHF [1]. Efforts devoted to
identify host target cells permissive to DENV replication
reveal many potential candidates, including B cells, human
muscle satellite cells, hepatocytes, mast cells, and dendritic
cells (DCs) [2–6]. Among these potential targets for DENV,
DCs serve as the best professional antigen-presenting cells
(APCs) and play critical roles in both innate and adaptive
immune responses. Therefore, they may be the most
important and efficient DENV hosts.

After infection by DENV, DCs undergo maturation
process and become activated. They then migrate from
periphery to lymphoid organs where DCs have the
opportunity to interact with a high number of T cells.
Along with these inflammatory processes which appear to
be dependent in part on cyclooxygenase-2 (COX-2)
signaling cascades [7], DCs also begin to secrete cytokines,
metalloproteinases, and chemokines [8–10]. In this regard,
the levels of many chemokines, including interleukin-8 (IL-
8), monocyte chemoattractant protein-1 (MCP-1), macro-
phage inflammatory protein-1α (MIP-1α), MIP-1β, and
regulated upon activation, normal T cell expressed and
secreted (RANTES) have been shown to be elevated in
DENV-infected patients [11–14]. According to Dejnirattisai
et al. [15], there appears to be a very complicated
interaction among viruses, DCs, T cells, and cytokines
during the course of DENV infection. The interaction

among target immune effectors and cytokines or chemo-
kines may lead to the development of severe clinical
manifestations like DHF [16]. Unfortunately, given the
high probability of severe consequences in DENV
infection, there have been neither effective vaccines nor
therapeutics available for the treatment aside from symp-
tomatic treatment [17, 18].

Dihydroorotate dehydrogenase (DHODH) is the rate-
limiting enzyme within the pyrimidine synthetic process
[19]. Because there is a significant increase of need for
pyrimidine in proliferating cells [20], blockade of pyrimi-
dine synthesis by leflunomide (inhibitor of DHODH) has
been shown as a powerful immunomodulatory approach in
the treatment of rheumatoid arthritis and seronegative
spondyloarthropathy [21]. In addition to its uses in
autoimmune disorders, leflunomide has also been reported
to have antiviral effects. The most commonly reported
target for leflunomide is the polyomavirus, a virus closely
associated with nephropathy after renal transplantation [22].
Leflunomide under therapeutic concentrations can suppress
human immunodeficiency virus replication and reduce
herpes simplex virus production [23, 24]. There are
therapeutic benefits of leflunomide in cytomegalovirus
infection as well as ganciclovir-resistant cytomegalovirus
infection [25, 26]. Furthermore, leflunomide is helpful in
inhibiting respiratory syncytial virus-mediated reduction of
alveolar fluid clearance [27].

Although there are occasional reports on leflunomide in
virus infection, the effects and possible mechanisms by
which leflunomide work on DENV infection have not been
investigated. Given the importance of DCs in DENV
infection, we determine in this report whether leflunomide
has any effect in DENV infection of mo-DCs. The results
suggest that leflunomide did not have any effect on DENV
production; instead, leflunomide at therapeutic concentra-
tions suppressed DENV-induced activation of mo-DCs in
several different immunological aspects.

Materials and Methods

Culture Medium and Reagents

The cell culture medium consisted of RPMI 1640
(Gibco-BRL, Gaithersburg, MD, USA) supplemented
with 10% fetal bovine serum, 2 mM glutamine, and
1,000 U/ml penicillin–streptomycin (Gibco). Recombi-
nant interleukin-4 (IL-4) and granulocyte–macrophage
colony-stimulating factor (GM-CSF) were purchased
from R & D (Minneapolis, MN, USA). Antibodies
against c-Jun N-terminal kinase (JNK), phosphorylated
p38, and phosphorylated extracellular signal-regulated
kinase (ERK) were purchased from Cell Signaling
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(Beverly, MA, USA). The antibodies against IkappaBal-
pha kinase alpha (IKKα), p65, p50, or upstream
stimulatory factor-2 were purchased from Santa Cruz
(Santa Cruz, CA, USA). Anti-CCR7 antibodies and
chemoattractants, including CCL19 and CCL21, were
purchased from R & D. Fluorescence-conjugated anti-
CD80 and anti-CD86 antibodies were purchased from
PharMingen (San Diego, CA, USA). Unless specified,
the rest of the reagents were purchased from Sigma-
Aldrich Company (St. Louis, MO, USA).

Establishment of mo-DCs

mo-DCs were established from purified CD14+ monocytes
as described [28]. In brief, buffy coat (equivalent to 500 ml
of whole blood for each) from a blood bank was mixed
with Ficoll-Hypaque; after centrifugation, the layer of
peripheral blood mononuclear cells (PBMCs) was collect-
ed. PBMCs were then incubated with anti-CD14 microbe-
ads at 4–8°C for 15 min. After washing, the CD14+ cells
were isolated using a MACS cell isolation column
(Miltenyi Biotech). The purified monocytes were cultured
in the medium containing 800 U/ml GM-CSF and 500 U/
ml IL-4 at a cell density of 1×106 cells/ml. The culture
medium was changed every other day and the cells after 5–
7 days of culture with purity higher than 92% were used for
experiments [28].

DENV Preparation

The preparation of DENV has been described previously
[28]. Although the mouse-adapted, neurovirulent prototype
New Guinea C (NGC) strain of DENV2 has undergone a
large number of passages in vitro and, therefore, has
acquired tissue culture adaptations, it remains to be a
commonly chosen viral strain in many DENV studies [29,
30]. In brief, DENV2 NGC strain (American Type Culture
Collection, Rockville, MD, USA) was propagated in C6/36
mosquito cells in RPMI containing 5% heat-inactivated
fetal calf serum (FCS) and maintained at 28°C in a 5% CO2

atm for 7 days. The supernatants were collected, virus titers
determined, and then stored at −70°C until use. To
determine virus titers, the culture supernatants were
harvested for plaque-forming assays. Various virus dilutions
were added to 80% confluent baby hamster kidney (BHK-
21) cells and incubated at 37°C for 1 h. After adsorption,
cells were washed and overlaid with RPMI 1640 containing
1% agarose (SeaPlaque; FMC BioProducts) and 1% FCS.
After incubation for 7 days, cells were fixed with 10%
formaldehyde and stained with 0.5% crystal violet. The
numbers of plaques were counted and the results were
shown as plaque forming units per milliliter. To prepare
mock-infected supernatants, all of the procedures were

identical except that buffered saline was substituted for the
virus inoculation.

DENV Infection

mo-DCs cultured for 5–7 days were infected with mock or
DENV at multiplicity of infection (MOI) 5 for 4 h at 37°C
[28]. After viral absorption, cells were then washed and
cultured in six-well plates (Costar, Cambridge, MA, USA)
with culture medium in the presence of exogenously added
cytokines for various periods of time as indicated in the
figure legends. For treatment, the cell density was main-
tained at 1×106/ml in culture medium.

Cell Toxicity Measurement

Aside from trypan blue exclusion assay, the release of
lactate dehydrogenase (LDH) after damage of plasma
membrane indicating cell death was also measured
according to the manufacturer’s instructions (Roche
Molecular Biochemicals, Indianapolis, IN, USA). The
percent cytotoxicity was calculated as (sample value−
medium control)÷(high control−medium control)×100,
where the sample value is the average of absorbance
values of the triplicates of drug-treated cell supernatants
after subtraction from each of the absorbance values
obtained in the background control. Similarly, the average
of absorbance values of untreated cell supernatants, used
as medium control, was calculated [31]. Equal amounts of
cells treated with 1% Triton X-100 were used as the high
control 100%.

Determination of Chemokines by ELISA

Standard enzyme-linked immunosorbent assay (ELISA)
methods were used to measure concentrations of cytokine
TNF-α and chemokines, including RANTES, MCP-2, and
MIP-1α (R & D). All determinants were performed in
triplicates and expressed as means±standard deviations
(SD).

Flow Cytometry Analysis

The determination of the expression of cell surface markers,
including CD80, CD86, and CCR7, has been described
[28]. For the determination of intracellular viral E protein
expression, cells were permeabilized with 0.25% saponin
(Sigma). After incubation for another 20 min, the anti-
DENV E protein antibodies were added. After washing, the
goat antimouse antibodies conjugated with fluorescein
isothiocyanate were added and incubated for another
30 min. Finally, the samples were analyzed by flow
cytometry [28].
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Nuclear Extract Preparation

Nuclear extracts were prepared as described [28]. Briefly,
the treated cells were left at 4°C in 50 μl of buffer A
[10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), pH 7.9, 10 mM KCl, 1.5 mM MgCl2,
1 mM dithiotheritol (DTT), 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 3.3 μg/ml aprotinin] for 15 min
with occasional gentle vortexing. Swollen cells were
centrifuged at 15,000 rpm for 3 min. After the removal
of the supernatants (cytoplasmic extracts), the pelleted
nuclei was washed with 200 μl buffer A and, subsequent-
ly, cell pellets were resuspended in 30 μl buffer C (20 mM
HEPES, pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
ethylenediaminetetraacetic acid (EDTA), 25% glycerol,
1 mM DTT, 0.5 mM PMSF, and 3.3 μg/ml aprotinin) and
incubated at 4°C for 30 min with occasional vigorous
vortexing. The mixtures were centrifuged at 15,000 rpm
for 20 min, and the supernatants were used as nuclear
extracts.

Electrophoretic Mobility Shift Assays

The electrophoretic mobility shift assay (EMSA) was
performed as described [28]. The oligonucleotides contain-
ing NF-κB and AP-1 binding sites were purchased and used
as DNA probes (Promega). The probes were radiolabeled
with [γ-32p]ATP using T4 kinase (Promega). For the
binding reaction, the radiolabeled NF-κB or AP-1 probe
was incubated with 5 μg of nuclear extracts. The binding
buffer contained 10 mM Tris–HCl, pH 7.5, 50 mM NaCl,
0.5 mM EDTA, 1 mM DTT, 1 mMMgCl2, 4% glycerol, and
2 μg poly(dI-dC). Binding reaction proceeded for 20 min at
room temperature. If unradiolabeled competitive oligonu-
cleotides were added, they were preincubated with nuclear
extracts for 30 min before adding radiolabeled probes.

Western Blotting

ECL Western blotting (Amersham) was performed as
described [28]. Briefly, equal amounts of proteins were
analyzed on 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to the
nitrocellulose filter. For immunoblotting, the nitrocellu-
lose filter was incubated with nonfat milk buffer for 1 h
and then blotted with antisera against individual proteins
overnight. After washing with milk buffer, the filter was
incubated with secondary antibodies conjugated to
horseradish peroxidase for 1 h. The filter was then
incubated with the substrate and exposed to an X-ray
film.

Immunoprecipitation Kinase Assay

The immunoprecipitation kinase assay was performed as
described [32]. The GST–IκBα and GST–c-Jun fusion
proteins were used as substrates for IKKα and JNK,
respectively. The antibodies for kinase assays were
purchased from Cell Signaling (anti-JNK) or Santa Cruz
(anti-IKKα). To perform immunoprecipitation kinase
assays, 50–100 μg of the cellular extract was mixed
with 2 μl of specific antibodies in incubation buffer
containing 25 mM HEPES, pH 7.7, 300 mM NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100,
20 mM β-glycerophosphate, 0.1 mM Na3VO4, 2 μM
leupeptin, and 400 μM PMSF overnight. After precipita-
tion with protein A beads and subsequent wash, the beads
were resuspended in 40 μl kinase buffer containing cold
ATP (30 μM), substrates (GST–c-Jun and GST–IκBα
for JNK and IKKα, respectively), and 10 μCi of [γ-32P]
ATP. The mixture was incubated at 30°C (room temperature)
with occasional gentle mixing for 30 min. The reaction was
then terminated by resuspending in 1% SDS solubilizing
buffer and boiled for 5 min and analyzed in SDS-PAGE.

Chemotaxis Assay

The chemotaxis assays were performed according to a
previous report [33]. In brief, mo-DCs treated under
different conditions as indicated migrated through a
polycarbonate filter of 5 μm pore size in 24-well transwell
chambers (Corning Costar). The lower chamber of a
transwell cassette contained serum-free RPMI 600 μl with
100 ng/ml CCL19 or CCL21 (R & D). mo-DCs 1×105 in
100 μl serum-free medium were loaded in the upper
chamber and incubated for 2 h at 37°C. Alternatively, to
determine the chemoattractive activity of the culture
supernatant, THP-1 cells were loaded into the upper
chambers and the lower chambers were loaded with the
culture supernatants and chemotaxis assays were performed
accordingly. Then, cells migrating from the upper chamber
to the lower chamber were counted by flow cytometry. The
acquired events for a fixed time period of 60 s in a
FACScan were determined using CellQuest software.

Statistics

When necessary, the results were expressed as the mean
±SD. The statistical analysis was performed using one-
way analysis of variance with Bonferroni post hoc tests
for multiple comparisons and Student’s t test for
comparison between two groups. P<0.05 was considered
significant.
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Results

Leflunomide Inhibited DENV-Induced Cytokine
and Chemokine Production and Maturation of mo-DCs

One potential fatal outcome in patients infected by
DENV is the development of cytokine storm in which
oversecreted cytokines and chemokines trigger over-
whelming inflammatory responses. Indeed, after DENV
infection, the abortively infected DCs or bystander DCs
are stimulated and produce high levels of inflammatory
mediators. This causes a vicious cycle in immune
system activation and inflammatory responses [10, 34–
37]. We determined whether leflunomide has an effect on
cytokine and chemokine secretion from DENV-infected
mo-DCs. mo-DCs were pretreated with various doses of
leflunomide for 2 h and then infected by DENV at MOI 5.
Figure 1 shows that treatment with leflunomide decreased
the production of the cytokine TNF-α and chemokines,
including MCP-2, RANTES, and MIP-1α, from mo-DCs

infected by DENV. After DENV infection, DCs undergo
maturation and express several markers on their cell surface,
as reported in our previous study [8]. The possible effects of
leflunomide in DENV-induced mo-DCs maturation were
examined. By flow cytometry analysis, we demonstrate that
the maturation process of mo-DCs induced by DENV
infection was suppressed by leflunomide because the
DENV-induced expression of CD80 (Fig. 2a, b) and CD86
(Fig. 2c, d) on infected mo-DCs significantly and dose-
dependently decreased with leflunomide treatment.

Leflunomide Did Not Affect Viral Production
in DENV-Infected mo-DCs

To exclude the possibility that the observed effects were
due to potential cytotoxic effects, both trypan blue
exclusion assays and LDH release assays were con-
ducted. We show that leflunomide, at concentrations
similar to therapeutic concentrations in humans, did not
reduce cell survival by both trypan blue exclusion
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collected for trypan blue exclusion assay (a). The supernatants were
collected for measurement of the release of LDH (b) as another
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assays (Fig. 3a) and LDH release assays (Fig. 3b).
Incubation of DENV-infected mo-DCs with leflunomide
for 48 h did not significantly increase cell toxicity
compared to control (data not shown). Because lefluno-
mide preserves antiviral effects, we evaluated whether
such an antiviral activity could also be detectable in
DENV infection of mo-DCs. By flow cytometry analysis,
the results indicate that leflunomide treatment did not
affect the level of viral E protein (Fig. 3c) or the level of
viral nonstructural protein 4B (data not shown) intracel-
lularly in DENV-infected mo-DCs. We also observed that
leflunomide did not affect the production of viral particles
in plaque assays (Fig. 3d).

Inhibition of DENV-Induced Migration of mo-DCs
by Leflunomide

Functionality of DCs depends on their interaction with
other immune effector cells after processing viral
antigens. The first step for DCs to accomplish this
process is to migrate from peripheral tissues to
lymphoid organs, a phenomenon demonstrated in many
virus infection models. Several complicated processes,
such as a dynamic modulation of secretion of adhesion

molecules and expressions of their respective receptors,
as well as changes in cytoskeletal proteins, are
involved. As demonstrated previously by our group,
DENV infection can drive migration of DCs and this
process is dependent on COX-2 signaling cascades [7].
Because leflunomide was capable of inhibiting chemo-
kine production, we determined whether leflunomide
treatment had an effect on the migration of THP-1 cells
towards culture mediums collected from DENV-infected mo-
DCs. By chemotaxis assays, the results suggest that the culture
medium collected from leflunomide-treated cells attracted less
THP-1 cells (Fig. 4a). When CCL21 or CCL19 was used as a
chemoattractant and placed in the lower chamber of the
transwell cassette, DENV-infected mo-DCs treated by leflu-
nomide migrated relatively slower towards the chemoattrac-
tant than the untreated mo-DCs (Fig. 4b, c).

Leflunomide Inhibited DENV-Induced Expression of CCR7
on mo-DCs

We previously demonstrated that DENV-infected DCs
express increased levels of CCR7, a critical lymphoid
homing receptor, on their cell surfaces [7]. This step also
plays a critical role in the immunopathogenesis of DENV
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infection. The effects of leflunomide on DENV-induced
CCR7 expression on mo-DCs were examined. The
results suggest that leflunomide reduced the expression
of CCR7 on the surface of mo-DCs infected by DENV
(Fig. 5a, b).

Leflunomide Inhibited Activation of NF-κB
in DENV-Infected mo-DCs

Aside from viral production, several important cellular
events in DENV-infected mo-DCs were suppressed by
leflunomide. It suggests the possibility that certain common
and crucial signaling pathways are potentially targeted by
leflunomide. It has been demonstrated by us and other
researchers that activation of the NF-κB signaling pathway
is critical in DENV-infected mo-DCs and other tissue cells
[7, 38]. We determine whether leflunomide has any effect
on these signaling pathways. mo-DCs were pretreated with
various doses of leflunomide for 2 h and the cells were
infected by DENV in the presence or absence of various
doses of leflunomide. The nuclear extracts were prepared
and the NF-κB DNA-binding activity was determined by

EMSA. In Fig. 6a, we show that leflunomide reduced
DENV-induced NF-κB DNA-binding activity in mo-DCs.
Analysis of nuclear extracts revealed the reduced nuclear
translocation of both p65 and p50 from the cytosol in the
presence of leflunomide treatment (Fig. 6b). Because we
were not able to detect degradation of IκBα in DENV-
infected mo-DCs probably because of its rapid kinetics
[7], we determine whether leflunomide may affect the
activity of IKK, an enzyme regulating IκBα degradation
and NF-κB nuclear translocation. The results in Fig. 6c
show a significant reduction of DENV-induced IKKα
kinase activity in the presence of leflunomide treatment.

Leflunomide Inhibited Activation of AP-1
in DENV-Infected mo-DCs

In addition to the NF-κB signaling pathway, we also
observed the activation of the MAPK–AP-1 signaling
pathway after DENV infection of mo-DCs [7]. The
potential effects of leflunomide on DENV-induced activa-
tion of AP-1 in mo-DCs were determined. The results in
Fig. 7a show that the DNA-binding activity of AP-1
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induced by DENV infection was significantly suppressed
by leflunomide. Meanwhile, the DENV-induced activation
of MAPK, including ERK, p38, and JNK, was also
significantly suppressed by leflunomide treatment (Fig. 7b).

The Immunomodulatory Effects of Leflunomide
Could Not Be Reversed by Adding 50 μM Uridine

Uridine is a well-known component used in the salvage
route to generate pyrimidines. We tested if exogenously
added uridine could reverse leflunomide-mediated im-
munomodulatory effects. Uridine at 50 μM was added
concomitantly with leflunomide in the culture medium
of DENV-infected mo-DCs. The results indicate that the
reconstitution of the pyrimidine synthase pathway
could reverse neither the leflunomide-mediated reduc-
tion of cytokine TNF-α and chemokine RANTES
production (Fig. 8a, b) nor the activation of NF-κB and
AP-1 in DENV-infected mo-DCs (Fig. 8c). These results
suggest that leflunomide suppressed DENV-induced chemo-

kine and cytokine production and activation of both NF-κB
and AP-1 through a uridine-independent pathway.

Discussion

Oral intake of leflunomide results in its rapid uptake in the
gastrointestinal tract and subsequent conversion to
A771726, an active metabolite of leflunomide. For thera-
peutic purposes in autoimmune disorders like rheumatoid
arthritis, the suggested dose includes a loading dose of
100 mg/day for 3 days consecutively, followed by 20 mg/
day. Under this therapeutic plan, the concentration of
converted metabolite, A771726, approximately 63 μg/ml
(corresponding to 233 μM) can be achieved [39]. In
therapy for patients with renal allografts and biopsy-
proven polyomavirus BK (BKV) nephropathy, much higher
doses of leflunomide with plasma concentrations of
A771726 reaching up to 50 to 100 μg/ml (corresponding
to 150 to 300 μM) are needed [40]. Under such high
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were shown. Meanwhile, the total cell lysates were prepared and
immunoprecipitated with antibodies against IKKα and the kinase
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densitometric measurements of band intensities from at least three
independent experiments were shown. Comp. competitor, Wt wild
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dosages with approximately 40 mg/day, leflunomide
appears to be well tolerated [40]. The concentrations of
leflunomide used in this study were, therefore, within the
therapeutic ranges.

The antiviral effects of leflunomide can be demonstrated
in several examples [22–27]. Nevertheless, both cellular
events and molecular mechanisms underlying the therapeu-
tic effects of leflunomide have rarely been investigated.
According to Waldman et al. [25], leflunomide has no effect
on the transcription and expression of immediate early and
late cytomegalovirus genes. Leflunomide does not inhibit
the accumulation of cytomegalovirus DNA in infected
cells; however, it prevents tegument acquisition by viral
nucleocapsids during late stages of virion assembly [25]. In
another example, leflunomide reduces BKV production in
human renal tubular epithelial cells [41]. Investigation into
the mechanisms reveals leflunomide affects extensive
processes during viral replication and production that
include viral genome replication, late protein expression,
virion assembly, and release and maintenance of the nuclear
replication architecture [41]. In this report, we could not
detect any suppressive effects of leflunomide on DENV

replication or production through measuring both expres-
sion of intracellular viral E protein by flow cytometry and
production of viral particles by plaque assays. In contrast,
many cellular and molecular consequences in DENV-
infected DCs were indeed targeted by leflunomide: leflu-
nomide treatment suppressed DENV-induced activation of
mo-DCs by inhibiting secretion of cytokines and chemo-
kines, cell migration, and cell maturation. These results
demonstrate that leflunomide had variable effects on
different viral infections in different cell types. Interestingly,
by a high-throughput screen assay on more than 60,000
small-molecular-weight compounds, Hoffmann et al. [42]
identified a novel compound A3 preserving broad-spectrum
antiviral activity against RNA viruses, DNA viruses, and
retroviruses that also targets de novo pyrimidine biosyn-
thesis. Different from leflunomide, A3 actively inhibits
viral RNA synthesis and this process can be reversed
specifically by the addition of uracil [42].

The clinical manifestations of severe DENV infection
consequences such as DHF are highly correlated with high
levels of cytokines and chemokines in blood [43–45]. As
the most important host of DENV, the production of these
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mediators from virus-infected DCs is critical because many
downstream events are initiated after this step. The
suppressive effects of leflunomide on DENV-induced
production of chemokines and cytokines from mo-DCs,
therefore, helped reduce subsequent dangerous outcomes.
The therapeutic benefits of leflunomide were strengthened
by the inhibition of DENV-induced mo-DCs maturation.
The interaction between APCs and T cells requires full
expression of costimulatory molecules on APCs that help
prevent apoptosis or anergy of T cells. The reduced
expressions of both CD80 and CD86 on DENV-infected
mo-DCs were likely to attenuate the activation of interact-
ing T cells and consequently decrease inflammatory
responses. Such assumptions stand because T cells play
crucial roles in the immunopathogenesis and development
of cytokine storms and DHF [46, 47]. Moreover, our results
extend the usefulness of leflunomide in the therapy of
DENV infection by demonstrating the suppressed migration
of DENV-infected mo-DCs. Meanwhile, DENV-induced
expression of CCR7, a receptor essential for DCs migration
to the T cell area of draining lymph nodes [48, 49], on mo-
DCs was also inhibited by leflunomide. Suppression of
these cellular events along the process of DENV infection
by leflunomide may support its potential in therapeutics for
DENV infection, especially for those with autoimmune
disorders that are already on the drug prior to infection.

To address how leflunomide suppressed DENV-
induced inflammatory responses in mo-DCs, we inves-
tigated both NF-κB and AP-1 signaling pathways. These
are crucially involved in DENV-induced activation of
mo-DCs and many important processes in inflammatory
responses after DENV infection [7, 50]. As expected,
leflunomide was a potent suppressor of DENV-stimulated
IKKα–NF-κB and MAPK–AP-1 signaling pathways. This
helps to explain why so many cellular events were
inhibited by leflunomide. By suppressing the NF-κB
signaling pathway, leflunomide treatment could inhibit
maturation and T cell priming activity of mo-DCs, a
mechanism that was also observed by other researchers
[51]. NF-κB blockade using decoy oligodeoxynucleotides
in vivo has been shown to reduce Langerhans cell
migration and impair T cell responses [52]. Because there
are several functional NF-κB binding sites in both human
and mouse CCL19 promoters in DCs [53], the inhibition
of NF-κB is expected to be associated with the reduction
of CCL19 [53, 54]. The suppression of NF-κB also likely
explains the decrease of CCR7 expression as observed in
cytomegalovirus-infected DCs [55]. Interestingly, the
observed reduction of chemokine and cytokine in DENV-
infected mo-DCs by leflunomide could not be reversed by
the exogenously added uridine. The findings are support-
ive for many reported effects of leflunomide that are also
independent of pyrimidine depletion [56–58].

There are certain limitations in this study. In natural
DENV infection, when a mosquito seeks a blood meal and
lands at a prospective host, approximately 40% of the time,
the proboscis does not cannulate directly at a blood vessel.
During this period, it probes for the blood vessel, and as a
consequence, saliva is released into the epidermis where
DCs are residing. However, the majority of the time, the
proboscis directly cannulates and saliva and virus are
released into the bloodstream. This issue was not addressed
in this report. In addition, we do not know the effect of
leflunomide in the presence or absence of non-neutralizing
levels of heterologous antibodies. Nevertheless, this report
explains the effects and mechanisms of leflunomide and
identifies its potential therapeutic benefits in DENV
infection (Fig. 9). Given that patients with autoimmune
disorders like systemic lupus erythematosus, rheumatoid
arthritis, and vasculitis have a high tendency to develop
viral infections [59] that cause disease flare-up, disease-
modifying drugs like leflunomide preserving antiviral
activity should be beneficial, in addition to their control
of autoimmune disorders.
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