
SUMMARY
To date, there are no appropriate animal models for the study of the pathophysiology and 
clinical manifestations of the disease caused by dengue virus infection; therefore, experimen-
tal models are required for that purpose. The objective of the present work was to establish a 
model of in vitro infection with DENV-2. To this end, human peripheral blood mononuclear 
cells (PBMC) were obtained using a Ficoll gradient, and infected with DENV-2 using a low mul-
tiplicity of infection. The cell populations infected and responsible for the production of cy-
tokines were identified using a multiparametric analysis by flow cytometry. As a result, PBMC 
were permissive to infection that was detected 24 hours after virus inoculation. Additionally, 
at this same time, CD14+ cells, but not CD3+ or CD19+ cells, were preferentially infected and 
responsible for the production of TNF-α and IL-6. In conclusion, we established a model of in 
vitro infection using unfractionated PBMC, in which CD14+ cells were identified as the pri-
mary target cells for infection with DENV-2, and the production of proinflammatory cytokines.
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RESUMEN
Descripción de un modelo de infección in vitro con virus dengue empleando células 
mononucleares humanas de sangre periférica

No existen modelos animales apropiados para el estudio de la fisiopatología y las manifestaciones 
clínicas de la enfermedad causada por la infección con virus dengue, por lo que para ello se 
requiere desarrollar modelos experimentales. El propósito del presente trabajo fue establecer 
un modelo de infección in vitro con virus dengue serotipo-2 (DENV-2). Para esto se obtuvieron 
células mononucleares de sangre periférica (CMSP) usando un gradiente de Ficoll, y se las 
cultivó e infectó con DENV-2 a una baja multiplicidad de infección. La subpoblación celular 
que se infectó y produjo citocinas se identificó empleando un análisis multiparamétrico por 
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citometría de flujo. Como resultado, las CMSP fueron 
permisivas a la infección, que se detectó a las 24 horas 
de inoculado el virus. Además, en este mismo tiempo, 
los monocitos CD14+, pero no los linfocitos CD3+ o 
CD19+, fueron la subpoblación celular preferencial-
mente infectada y responsable de la producción de 
TNF-α e IL-6. En conclusión, se estableció un modelo 
de infección in vitro usando CMSP no fraccionadas, 
en el que se identificó a los monocitos CD14+ como 
la principal célula blanco de la infección con DENV-2 
y productora de citocinas proinflamatorias.
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INTRODUCTION
Dengue virus (DENV) is a member of the Flavivirus 
genus and the Flaviviridae family, and it has four dif-
ferent serotypes, named DENV 1 to 4. This virus is 
transmitted by bites from the female Aedes aegypti 
mosquito in a man-mosquito-man cycle (1). The virus 
genome is a positive single stranded RNA of approxi-
mately 11 kb in length. The genome codes for one pre-
cursor polyprotein, which is cleaved into ten proteins: 
three structural proteins, C (capsid), M (membrane, 
synthesized as the precursor prM) and the glycopro-
tein E (envelope); and seven non-structural proteins 
(NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5), which have 
a role in virus replication (2). 

Several details about DENV infection remain unclear, 
including the extent of the susceptibility of different 
cells to DENV infection in vivo and which tissues 
are the primary sites of viral replication. It has been 
suggested that viral replication starts in the mosquito 
bite site, possibly in the skin Langerhans cells (3,4), 
and then spreads out to reach the regional lymphatic 
nodes, spleen and liver using both the lymphatic and 
the blood pathways (5,6). Data obtained from experi-
mentally infected Rhesus monkeys and histopatho-
logical studies in fatal human cases noted that in vivo 
DENV replication occurs in phagocytic-monocytic 
lineage cells (7-10). Some studies have tried to detect 
the viral antigen or RNA in peripheral blood mono-
nuclear cells (PBMCs) as an easy way to confirm the 
infection or evaluate the cell response.

In patients with acute infection, DENV is detected 
more frequently in the PBMCs (11,12), and there is a 
direct relationship between the severity and number 
of antigen-positive cells (11). Additionally, both nega-
tive- and positive-sense RNA have been detected in 
PBMCs of patients, revealing active viral replication in 
these cells (13,14). Furthermore, ex vivo DENV infec-
tion of PBMCs has been detected by plaque assay, with 
a virus replication peak at 48 h post-infection (15).

Despite efforts to establish an appropriate animal 
model, there are many difficulties in studying the in 
vivo pathogenesis, clinical manifestations and testing 
of antiviral drugs for DENV infection. For instance, 
the virus can replicate in the Cercopithecus family 
of monkeys, but at very low titers, and the monkeys 
do not exhibit clinical symptoms of dengue infection 
(16). The aim of this work was to establish an in vitro 
dengue infection model to evaluate drugs intended to 
either control viral replication or regulate the immune 
response induced by the infection.

METHODOLOGY
Cell lines and virus. The epithelial Rhesus monkey 
kidney cell (LLC-MK2) and the human pro-monocyt-
ic cell line U-937, obtained from a diffuse histiocytic 
lymphoma, were used. Both cell lines were main-
tained with pyrogen-free Dulbecco’s Modified Eagle 
Medium (DMEM, Sigma) supplemented with 10% fetal 
bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL 
streptomycin in a 5% CO2 atmosphere. The mosquito 
Aedes albopictus cell line C6/36 was maintained un-
der the same conditions, but at 33 °C. The dengue virus 
serotype 2 was kindly donated by Jairo A. Mendez 
from the Colombian Instituto Nacional de Salud and 
harvested from C6/36 cells 6 days post-infection. After 
freezing and thawing of the monolayer, the culture 
medium was centrifuged, aliquoted and stored at -80 °C 
until use. Additionally, the mock inoculum was pre-
pared from uninfected and lysed C6/36 cells. The vi-
ral titer was obtained by inoculating serial dilutions 
of viral stock on LLC-MK2 monolayers, which were 
covered with carboxymethylcellulose to reveal the in-
fected cells for focusing and counting, following the 
protocol described elsewhere (17).

Peripheral blood mononuclear cell (PBMC) puri-
fication. Blood from healthy donors who previously 
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authorized the use of the cells was the source of 
PBMCs. The study was approved by the Universi-
dad El Bosque Ethics Committee. All the sera were 
previously tested and shown to be negative for anti-
dengue IgM and IgG antibodies using Dengue Duo 
Cassette (Panbio Diagnostics). PBMCs were isolated 
by using a Ficoll density gradient centrifugation (His-
topaque-1077, Sigma) and cultured in RPMI-1640 
medium (Gibco) supplemented with 10% FBS and 
antibiotics. To avoid adhesion, 1x106 cells/mL were 
maintained in 15 mL blue-capped polypropylene 
tubes (Becton Dickinson) in a 5% CO2 incubator at 
37 °C using pyrogen-free certified reagents (endotoxin 
level below 0.3 EU/mL).  

PBMC immunocompetence. PBMC immunocom-
petence was evaluated by adding 5 ng/mL of phorbol 
12-myristate 13-acetate (PMA, Sigma) and 500 ng/mL 
ionomycin (calcium salt ionomycin, Sigma) as a stim-
ulus to induce lymphocyte activation and 50 ng/mL  
E. coli lipopolysaccharide to activate the monocytes. 
The stimulus was added simultaneously with 3 mg/mL 
Brefeldin (eBioscience). Following 12 hours of stimu-
lation, 5x105 cells were recovered and stained to de-
tect intracellular IL-6 and TNF-α cytokines. 

PBMC infection with DENV. A low multiplicity of 
infection (MOI=0.1) was used to simulate natural in-
fection. Negative control cells were treated with un-
infected C6/36 cell lysate (mock). Time points of 12 
and 24 hours post-infection (h.p.i.) were used for dif-
ferent experiments. For detecting intracellular cyto-
kines, 3 mg/mL Brefeldin was added 12 hours before 
cell collection. The cells were stained to evaluate the 
phenotype (CD14, CD3 and CD19), viral antigen or 
intracellular cytokines (IL-6 and TNF-α). The 24 h.p.i. 
PBMC supernatants were used to infect LLC-MK2 
cells. Replication of virus in the LLC-MK2 cells was 
detected by peroxidase immunocytochemistry. For 
dengue virus detection by flow cytometry, both in-
fected C6/36 and U-937 cells were used as positive 
controls. 

Dengue RNA detection by polymerase chain reac-
tion. Whole RNA was isolated using Trizol (Invitro-
gen) following the manufacturer’s instructions. RNA 
was reverse transcribed using 0.5-1 mg RNA and the 
MMLV enzyme (Promega) with random hexanucle-
otides. The cDNA was amplified with GoTaq poly-
merase (Promega) and the primers mD1 5´-TCA ATA 

TGC TGA AAC GCG AGA GAA ACC G-3´ and D2 5´-
TTG CAC CAA CAG TCA ATG TCT TCA GGT TC-3 to 
obtain a 511 bp product corresponding with a frag-
ment of the C-prM viral genes, as described by Chien 
and colleagues (18). 

PBMC flow cytometry. Infected cells were stained 
with an indirect staining protocol using 10 mg/mL of a 
flavivirus monoclonal antibody (Chemicon, MAB8744, 
IgG2a mouse isotype) and a FITC-coupled secondary 
anti-IgG2a antibody (8 mg/mL, Becton Dickinson). 
The following antibodies are IgG1 isotype: anti-CD3 
Pacific blue (8 mg/mL, Becton Dickinson), anti-CD19 
APC-Cy7 (5 mg/mL, Becton Dickinson) and anti-CD14 
PerCP-Cy5.5 (8 mg/mL, eBioscience). Anti-TNF-α APC 
(5 mg/mL, Becton Dickinson) and IL-6 PE (5 mg/mL, 
eBioscience) were used to detect intracellular cyto-
kines.

For phenotype evaluation, 5x105 cells were recovered 
by centrifugation and resuspended in FACSFlow (Bec-
ton Dickinson) and stained with a viability stain (LIVE/
DEAD, Fixable Aqua Dead Cell stain, Invitrogen) and 
phenotype antibodies simultaneously for 30 min at 
4 °C before treatment with the Cytofix/Cytoperm re-
agent (Becton Dickinson) for 20 min and then washed 
with PermWash (Becton Dickinson). For the detection 
of dengue virus, cells were incubated with anti-flavi-
virus antibody for 1 hour at 37 °C and the secondary 
FITC antibody for 30 min at 4 °C. In an independent 
set of cells, the antibodies against cytokines were in-
cubated for 30 min at 4 °C, then washed with Perm-
Wash three times and collected for analysis on a FAC-
SCanto II flow cytometer (Becton Dickinson) using 
FACSDiva software.

RESULTS

CD14+ monocytes are the only cells within the 
PBMCs permissive to dengue infection
In this model, we used non-fractionated PBMCs and 
a low MOI (0.1) to simulate natural infection. PBMC 
infection was confirmed by RT-PCR (figure 1A) and 
the presence of infectious virions in the supernatants, 
which were detected in LLC-MK2 cells by immuno-
peroxidase staining (figure 1C). Neither viral RNA nor 
antigens were detected in mock-infected cultures 
(figures 1A (line 1) and B).
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Prior to analysis of the PBMC subpopulation infect-
ed by DENV, we standardized the use of an indirect 
fluorescence assay for DENV detection by flow cy-
tometry using mosquito C6/36 and human U-937 
monocytic cell lines. A high percentage (74.8%) of 
mosquito cells were infected, while 7.3% of mono-
cytic cells were infected (figure 2). In mock-infected 
cells, only 0.2% of cells had non-specific staining. Af-
ter setting the parameters for virus detection by flow 
cytometry, we applied the following gating strategy 
in the PBMCs (figure 3): i) we first selected the “sin-
glets,” the individual cells passing in front of the la-
ser beam, which have a uniform forward scatter area 
(FCS-A) and width (FCS-W), discarding the cell clus-
ters; ii) in these singlets, we identified the lympho-
cyte and monocyte subpopulations according to size 
(forward scatter) and complexity (side scatter); iii) in 
these two subpopulations, we identified non-viable 
cells using cytoplasmic staining that reacts with the 
amine group in cells with disrupted membranes, 
and we selected the cells with low fluorescence for 
this staining; and iv) on the viable lymphocytes, we 
detected the T-lymphocytes using CD3 expression, 
and on the CD3-negative group, we identified the 
B-lymphocyte population using CD19 expression. 
Monocytes were identified as CD14+. This strategy 
allowed us to identify all of the target subpopula-
tions (CD3+, CD19+, CD14+) for the evaluation of 
both DENV infection and cytokine expression.

After the analysis, we found that the CD14+ monocyte 
subpopulation had a significantly higher percentage 
of DENV+ cells (2.2% vs. 0.5% in mock-infected cells). 
In contrast, the T-lymphocytes (CD3+) or B-lympho-
cytes (CD19+) did not show evidence of DENV infec-
tion (figure 4). 

PBMC infection with DENV induced TNF-α and 
IL-6 in CD14+ monocytes
The immunocompetence of each volunteer’s PBMCs 
in culture was initially confirmed by stimulating the 
cells with PMA/ionomycin (for T and B lymphocytes) 
or LPS (for monocytes) and evaluating the intracellu-
lar cytokine expression (figure 5). Approximately 1.4% 
and 1.3% of PMA/ionomycin-stimulated lymphocytes 
produced TNF-α and IL-6, respectively (figure 5B and G). 
LPS stimulation induced TNF-α and IL-6 in 45% and 
30.9% of the CD14+ monocytes, respectively (5D and I), 
confirming the ability of PBMCs to be activated. 

Cytokine production was then evaluated in the 
PBMCs inoculated with DENV-2 or mock supernatant 
for 12 or 24 hours using flow cytometry. The CD14+ 
monocytes were the only cell subset that produced 
TNF-α and IL-6; for example, at 24 h p.i., 7.5% and 35% 
of CD14+ cells produced TNF-α and IL-6 respectively 
(figure 6), while these molecules were not detected in 
T or B lymphocytes (data no shown).

Figure 1. Peripheral blood mononuclear cells (PBMCs) were susceptible to in vitro infection by dengue virus serotype 2 (DENV-2). A. Results 
of a RT-PCR from RNA obtained from PBMCs inoculated with mock (lane 1) or DENV-2 (lane 2). It was detected the characteristic 
511 bp amplicon from the C-prM segment in infected cells. B and C. Peroxidase immunostaining of LLM-CK2 cells inoculated with 
supernatants of DENV-2 infected PBMCs or mock infected
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Figure 2. DENV-2 viral antigen was detected by indirect flow cytometry in the infection positive control cells. C6/36 
mosquito cells and U937 human macrophages were infected by 5 and 2 days, respectively. Mosquito cells 
are more permissive to DENV-2 infection (74.8%) than U937 cells (7.3%). Less than 0.2% of positive cells 
were detected in mock infected cells. This graph is representative of three independent experiments

Figure 3. Chart of the analysis strategy of flow cytometry obtained data. 
This strategy allows us to identify the PBMC subpopulations (CD14+, 
CD3+, CD19+) and which of them are susceptible to dengue virus
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DISCUSSION
In this study we established an in vitro DENV infec-
tion model to identify the main PBMC subset that is 
susceptible to infection as well as the cell type re-
sponsible for cytokine production. We used non-frac-
tionated PBMCs and a low MOI, and we cultured the 
cells in polypropylene tubes to maintain them in sus-
pension, resulting in better recovery for cytometric 
analysis (19). This methodology has previously been 
used to study monocyte biology (19-21). To avoid the 

Figure 4. Monocyte cells were susceptible to DENV-2 infection. Only 
the CD14+ cells were susceptible to DENV-2 infection (2.2% 
positive cells vs. 0.5% in mock infected cells). A low DENV-
2 inoculum was used (MOI=0.1) for 24 hours. There was no 
viral antigen staining in T or B lymphocytes. This graph is re-
presentative of three independent experiments

Figure 5. Immunocompetence of PBMCs. The PBMCs were sti-
mulated with PMA/Ionomycin (to lymphocytes) and LPS 
(to monocytes) and treated with brefeldin, then stained 
to intracellular cytokines: TNF-α (A-D panels) and IL-6 (F-I 
panels). Data are representative of three independent ex-
periments

neutralizing or enhancing effect in pre-immune cells 
(22, 23), the blood donors were negative for dengue 
antibodies. PBMCs were infected for 24 hours because 
it is known that this time is needed for the first round 
of replication (24), and in longer infections, such as 
48 h, monocytes express apoptotic markers, such as 
phosphatidylserine and Fas receptor (25). Most of the 
cells were viable after 24 h p.i., as only 4.1% and 3.4% 
of them were positive with the Aqua stain in the mock 
and infected cell groups, respectively. 

Mock -infected cells Unstimulated Stimulated

Lymphocytes

Lymphocytes

Monocytes

Monocytes

DENV -infected cells
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viral strain or the MOI used (29). In naturally infected 
patients, the CD14+ monocytes were the only identi-
fied cell subset positive for DENV using flow cytom-
etry (30,31). In contrast, some studies suggest that 
DENV could replicate in both T and B lymphocytes 
and that these white cells could play an important 
role in dengue pathogenesis (32-34), although we did 
not find CD3+ or CD19+ cells that were positive for 
DENV antigen.

The most important characteristic of severe dengue 
infection is the damage to the endothelial function 
mediated by an aberrant immune response (35). The 
sera of severely infected patients have significantly el-
evated TNF-α and IL-6 levels (36-39). These proinflam-
matory cytokines are associated with the acute phase 
response, which results in the release of chemotactic 
peptides, fever and endothelial cell activation, lead-
ing to an increase in vascular permeability, the dom-
inant sign of severe dengue (40). It has been shown 
that DENV-2 infected B lymphocytes and monocytes 
are the main source of TNF-α and IL-6 cytokines; even 

Keeping in mind that there are no anti-dengue anti-
bodies coupled with fluorochromes, we used indirect 
fluorescence to detect dengue infection. We used two 
cell lines with different permissiveness, the highly sus-
ceptible mosquito cell line C6/36 (24) and the low-sus-
ceptibility human pro-monocyte cell line U-937 (26), 
which were infected at high (74.8%) and low (7.3%) 
proportions, respectively, while the mock-infected 
control cells were only 0.1% positive. Our multipara-
metric analysis strategy allowed us to simultaneously 
detect individual viable cells, improving the sensitiv-
ity and accuracy of the data (27). In light of the above, 
we observed that among the identified monocytes, 
B and T lymphocytes, only the CD14+ cells were in-
fected, as reported in previous studies (6, 28). The per-
centage of infected monocytes, 2.2%, was similar to 
the 1 to 5% reported by Wu and colleagues (3) using 
an MOI of 2 and the 3.5% reported by Kou et al. using 
an MOI of 5 (6).

Primary human cells are infected at a lower level than 
cell lines, and the kinetics of infection depend on the 

Figure 6. Monocytes CD14+ were responsible for cytokine production during the in vitro DENV-2 infec-
tion. PBMCs were infected by 12 or 24 hours and then stained to detect intracellular TNF-α 
and IL-6 in the different cell subsets (CD14+, CD3+ and CD19+). Data representative of three 
independent experiments
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T CD4+ lymphocytes exposed to DENV-2 antigens in 
vitro also produce these immune mediators (41). The 
present study demonstrates that only the monocytes 
were infected by DENV-2 and that they were the only 
cell subset that produced TNF-α and IL-6. These re-
sults are consistent with those from natural infections, 
where a high percentage of severely dengue-infected 
patient monocytes are activated (31).

In conclusion, in this study we established an in vitro 
model using non-fractioned PBMCs and a very low 
MOI to simulate natural infection. Despite the low 
quantity of challenging virus, we detected the infec-
tion in monocytes, which were activated to produce 
proinflammatory cytokines that may be related with 
the characteristic immunopathogenesis of the den-
gue virus infection. 
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