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Abstract
Dengue, caused by dengue virus (DENV) infection, is a public health problem worldwide. Although DENV pathogenesis 
has not yet been fully elucidated, the inflammatory response is a hallmark feature in severe DENV infection. Although vita-
min D (vitD) can promote the innate immune response against virus infection, no studies have evaluated the effects of vitD 
on DENV infection, dendritic cells (DCs), and inflammatory response regulation. This study aimed to assess the impact of 
oral vitD supplementation on DENV-2 infection, Toll-like receptor (TLR) expression, and both pro- and anti-inflammatory 
cytokine production in monocyte-derived DCs (MDDCs). To accomplish this, 20 healthy donors were randomly divided 
into two groups and received either 1000 or 4000 international units (IU)/day of vitD for 10 days. During pre- and post-vitD 
supplementation, peripheral blood samples were taken to obtain MDDCs, which were challenged with DENV-2. We found 
that MDDCs from donors who received 4000 IU/day of vitD were less susceptible to DENV-2 infection than MDDCs from 
donors who received 1000 IU/day of vitD. Moreover, these cells showed decreased mRNA expression of TLR3, 7, and 9; 
downregulation of IL-12/IL-8 production; and increased IL-10 secretion in response to DENV-2 infection. In conclusion, 
the administration of 4000 IU/day of vitD decreased DENV-2 infection. Our findings support a possible role of vitD in 
improving the innate immune response against DENV. However, further studies are necessary to determine the role of vitD 
on DENV replication and its innate immune response modulation in MDDCs.
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Introduction

Dengue is a global public health concern and the most 
prevalent arthropod-borne disease in humans and is caused 
by dengue virus (DENV) infection. It is estimated that 
3.9 billion people are at risk for DENV infection in more 
than 100 countries. Annually, the disease manifests itself 
in 96 million cases out of a total of 390 million infec-
tions [1]. DENV infection can lead to a broad spectrum of 
clinical presentations, known as dengue with or without 
warning signs, to severe and fatal forms of the disease, 
known as severe dengue (SD) [2]. Although it is not clear 
why some patients develop dengue and others SD, it is 
known that the physiopathology of SD is multifactorial, 
and there exists a variety of host and viral factors that 
contribute to the severity of symptoms and disease pro-
gression, including human genetics, age, virulence, viral 
load, and DENV serotype [2]. Cells infected with DENV 
exhibit a critical immune response that plays a determinant 
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role in DENV immunopathogenesis [3]. In fact, it has been 
speculated that an adverse effect of inflammation triggered 
in response to DENV infection contributes to plasma leak-
age in patients, a significant pathological hallmark of SD 
[4]. Generally, plasma leakage can be caused by cytokine 
storms induced by the activation of primary target cells of 
DENV infection, such as dendritic cells (DCs), monocytes, 
and macrophages, which are susceptible to viral replica-
tion. Indeed, it has been reported that DENV-infected DCs 
can induce endothelial permeability and plasma leakage 
through the production of soluble factors like cytokines 
and metalloproteinases [5, 6]. Furthermore, we previously 
reported that, in the DCs of DENV patients, the profile 
of Toll-like receptor (TLR) expression, specifically TLR3 
and TLR9, changed depending on disease severity [7]. 
Interestingly, Lai et al. [8] reported that DENV infection 
induces the release of mitochondrial DNA (mtDNA) and 
activates the TLR9 signaling pathway, resulting in inter-
feron production. Hsu et al. [9] also reported that DENV 
NS1 induces type I interferon production in human DCs 
through the TLR3 signaling pathway, the IFN regulation 
factor (IRF)-3, and NF-κB, resulting in the release of pro-
inflammatory cytokines such as tumor necrosis factor-α 
(TNF-α), interleukin (IL)-6, IL-8, and IL-12, which affect 
endothelial integrity [10, 11]. In agreement with these 
observations, George et al. [12] recently reported that 
DENV-infected DCs expressed high levels of inflamma-
tory mediators and activator molecules in a TLR2/MyD88 
pathway-dependent manner. Owing to this, studies inves-
tigating therapeutic alternatives to prevent DENV or to 
avoid SD are essential.

Previous studies indicated that vitamin D (vitD) modu-
lates the inflammatory immune response to viral infections 
[13], including DENV [14–16]. Another study has associ-
ated vitD serum levels, vitD supplementation, and genetic 
variants in the vitamin D receptor (VDR) with DENV 
infection outcomes [17]. Recently, decreased mannose 
receptor expression levels, pro-inflammatory cytokines 
production, and susceptibility to DENV infection when 
monocytes differentiated into macrophages in the presence 
of vitD were reported [15]. Similar effects were observed 
in monocyte-derived macrophages from healthy donors 
who take vitD supplements [14]. Although it was recently 
demonstrated that DCs can convert inactive 25-hydroxy 
vitamin D3 into calcitriol (active form) via 25-hydroxyvi-
tamin D3 1-α-hydroxylase (CYP27B1) [18, 19], no studies 
have evaluated the effects of vitD on DENV infection and 
regulation of the inflammatory response in DCs, which are 
primary target cells of DENV. Therefore, this study aimed 
to evaluate the roles of vitD on DENV-2 infection and 
replication and regulation of TLR expression and pro- and 
anti-inflammatory cytokines in infected monocyte-derived 
DCs (MDDCs).

Materials and methods

Ethics statement

The protocols for healthy donors’ enrollment and sample 
collection were approved by the Committee of Bioeth-
ics Research of the Universidad de Antioquia (Medellin, 
Colombia). All donors included in the study signed an 
informed consent form after a clear explanation of the pro-
cedure according to the principles expressed in the Declara-
tion of Helsinki.

Study subjects

Following the strategy described previously [14], we 
enrolled 20 healthy donors (11 women and nine men) with-
out vaccination history against the yellow fever virus. All 
participants were seronegative for DENV NS1 antigen and 
DENV IgM/IgG antibodies as assessed using the Dengue 
Duo kit (SD BioLine, Abbott Laboratories, Chicago, IL, 
USA) and were residents of Medellin, Colombia, during 
the years 2015–2016. Pregnant or lactating women, subjects 
medicated with anticonvulsants or glucocorticoids, indi-
viduals with chronic diseases such as diabetes, and patients 
with a recent history of liver or kidney disease or history 
of intestinal malabsorption were excluded from the study. 
Study participants were randomly grouped into two groups 
to receive daily oral vitD supplementation for 10 days using 
either dosing scheme: (i) 10 donors received 1000 IU/day 
of vitD3 (Farma D, Colombia), and (ii) 10 donors received 
4000 IU/day of vitD3. These doses and the time of vitD 
supplementation were based on previous reports, showing 
the therapeutic schemes that allow increasing serum vitD 
concentrations [20, 21].

Blood sample collections

Peripheral blood samples were collected from each healthy 
volunteer before vitD supplementation (VD0) and after 
11 days, 1 day after vitD supplementation (VD11). Autolo-
gous serum was also obtained at both time points to be used 
during the differentiation process, and the resulting DCs 
were termed VD0-untreated MDDCs and VD11-treated 
MDDCs, respectively. After the first blood sample, the par-
ticipants started taking daily doses of vitD for 10 days. Study 
participants reported no incidents during the supplementa-
tion period. The autologous serum was used to determine the 
levels of calcidiol [25(OH)D] before and after vitD supple-
mentation using an enzyme-linked fluorescent assay (ELFA, 
VIDAS® 25 OH Vitamin D TOTAL, Biomerieux S.A.). 
Additionally, peripheral blood mononuclear cells (PBMCs) 
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were isolated by Ficoll Histopaque-1077 (Sigma-Aldrich, 
MO, USA) according to the manufacturer’s instructions. 
Subject demographics and total 25(OH)D levels before and 
after vitD3 supplementation are shown in Table 1.

Monocyte purification and differentiation

Monocyte purification was performed as previously 
described [14]. Briefly, PBMCs were isolated using a 
Ficoll Histopaque-1077 (Sigma-Aldrich) gradient at 650 g 
for 30 min. Platelets were removed by washing with PBS 
(Sigma-Aldrich) three times at 250 g for 10 min. Afterward, 
the percentage of CD14+ cells (monocytes) was determined 
by staining 1 × 106 of PBMCs with 1 μL of anti-CD14 anti-
bodies (eBiosciences) for 30 min. Monocytes were iso-
lated from PBMCs (VD0 and VD11) by plastic adherence 
as previously described [22]. Briefly, 5 × 105 CD14+ cells 
from total PBMCs were seeded in 24-well plates for 2.5 h 
in 500 μL of RPMI-1640 medium (Sigma-Aldrich) sup-
plemented with 0.5% heat-inactivated fetal bovine serum 
at 37 °C and 5% CO2. Non-adhering cells were removed 
by washing twice with PBS, and CD14-positive cells were 
cultured in 1.0 mL of differentiation medium (DM) [RPMI-
1640 supplemented with 750 U/mL granulocytes/mac-
rophages colony-stimulating factor (GM-CSF) and 500 U/
mL recombinant human IL-4 (Peprotech SA, Mexico)] with 
10% of autologous serum and incubated for 6 days at 37 °C 
and 5% CO2. Half of the medium was replaced every 2 days, 
and differentiation was performed for 6 days, obtaining 
approximately 4.2 × 105 MDDCs from 5 × 105 CD14+ cells. 
Subsequently, the MDDCs were collected for flow cytometry 
phenotyping. The MDDCs were evaluated for both morphol-
ogy and phenotype.

Phenotyping MDDC markers by flow cytometry

The expression of both surface and intracellular markers on 
MDDCs was evaluated by flow cytometry. FITC-labeled 
anti-human HLA-DR (clone TU36), PE-Cy5-labeled 

anti-human CD11c (clone B-Iy6), and PE-Cy5-labeled anti-
human CD80 (clone L307.4) antibodies were used (all are 
from BD Biosciences). PE-Cy7-labeled anti-human CD83 
(clone HB15e) and CD86 Horizon-V450 (clone 2331-FUN-
1) antibodies were from eBiosciences.

DENV stocks and titration

DENV-2 New Guinea C (NGC) strain was obtained from 
the Center for Disease Control and Prevention (CDC, Ft. 
Collins, CO, USA) and was propagated in C6/36 HT cells 
obtained from ATCC as described previously [7]. The 
supernatants were obtained by centrifugation for 5 min at 
1800 rpm to pellet cellular debris, aliquoted, and stored at 
− 70 °C until further use. Virus titration was performed by 
flow cytometry with the monoclonal antibody 4G2 (Mil-
lipore, Darmstadt, Germany) to detect DENV E protein and 
the goat anti-mouse IgG-FITC antibody (Invitrogen, Life 
Technologies, CA, USA), as previously described [23].

DENV‑2 infection of MDDCs

After 6 days of differentiation, MDDCs obtained from VD0 
and VD11 (VD0-untreated MDDCs and VD11-treated 
MDDCs, respectively) samples were washed with warm 
1 × PBS before being challenged with wild-type DENV-2, 
at MOI 5, in a medium supplemented with 10% autologous 
serum and incubated for 2 h at 37 °C and 5% CO2. After-
ward, the cells were washed with warm 1 × PBS to remove 
unbound viruses and resuspended in DM supplemented with 
20% autologous serum and cultured for 48 hpi at 37 °C and 
5% CO2. The cells were harvested, and the percentage of 
infected cells and TLR expression were assessed by flow 
cytometry. Approximately 1 × 106 cells were conserved 
in RNAlater Stabilization Reagent (Qiagen, Hilden, Ger-
many) and stored at − 70 °C for future RNA extraction; 
the supernatants were stored at − 70 °C for future cytokine 
quantification.

Quantification of DENV‑2 infection by flow 
cytometry

DENV-2 infection of MDDCs was measured by flow cytom-
etry for 48 hpi. For this, the MDDCs were harvested and 
mixed with fixation/permeabilization buffer (eBioscience). 
Incubation with 4G2 antibodies (Millipore, Darmstadt, Ger-
many) was then performed according to the manufacturer’s 
instructions, followed by incubation with the secondary goat 
anti-mouse IgG-FITC antibody. Unstained cells and mock-
infected cells plus secondary antibodies served as controls. 
All acquisitions were performed using the FACS Canto II 
™ flow cytometer (BD Biosciences, San Jose, CA, USA). 
Infected cells were reported as the percentage of positive 

Table 1   Demographic data and total 25(OH)D levels before and after 
supplementation with VitD for 10 days

(Mean ± standard deviation)

1000 IU/day (n = 10) 4000 IU/day (n = 10)

Sex (men: women) 5:5 4:6
Age (years) 29.6 ± 6.5 31.6 ± 8.2
25(OH)D levels 

before supplemen-
tation (ng/mL)

26.8 ± 6.4 28.0 ± 3.8

25(OH)D levels after 
supplementation 
(ng/mL)

29.0 ± 5.9 35.5 ± 6.0



	 Molecular and Cellular Biochemistry

1 3

MDDCs for DENV E antigen over the total number of cells 
analyzed.

Quantification of DENV‑2 genomic RNA by real‑time 
PCR

Total RNA from DENV-2-infected MDDCs was extracted 
using an RNeasy mini kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. Next, the cDNA 
was synthesized from 109 ng RNA using the RevertAid H 
Minus First Strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific) following the manufacturer’s instructions. Both the 
positive- and negative-strand viral RNAs were measured by 
qPCR using primers for the DENV-2 capsid gene as previ-
ously reported [24, 25] (forward: 5′CAA TAT GCT GAA 
ACG CGA GAG AAA 3′ and reverse: 5′ CCC CAT CTA 
TTC AGA ATC CCT GCT 3′) and using the Maxima SYBR 
Green qPCR master mix kit. The calculation of viral RNA 
copies was performed based on a standard curve, as previ-
ously reported [25].

Quantification of TLR expression by flow cytometry

Flow cytometry was used to evaluate the expression of 
TLR2, TLR3, TLR4, and TLR9 in MDDCs as previously 
reported [7]. Briefly, to assess TLR2 and TLR4 abundance, 
DENV-2-infected MDDCs were surface-stained with anti-
TLR2-PE (clone TL2.1) and anti-TLR4-PE antibodies (clone 
HTA125) for 25 min. For TLR3 and TLR9 staining, infected 
MDDCs were treated with fixation/permeabilization buffer 
and stained with anti-TLR3-PE (clone TLR3.7) and anti-
TLR9-PE (clone eB72-1665) antibodies (eBiosciences) for 
25 min following the manufacturer’s recommendations. 
For each experiment, unstained cells, conjugated isotype 
antibodies, and fluorescence minus one were included as 
controls. The expression is shown as the mean fluorescent 
intensity (MFI) of the overall cell sub-population after sub-
traction of the isotype control.

RNA isolation, cDNA synthesis, and analysis of TLR 
mRNA by real‑time PCR

The mRNA quantification for TLR2, TLR3, TLR4, TLR7, 
and TLR9 was performed in DENV-2-infected MDDCs by 
qPCR as previously reported [14]. Briefly, total RNA was 
prepared using the RNeasy mini kit. Next, the cDNA was 
synthesized from 100 ng of RNA using the RevertAid H 
Minus First Strand cDNA Synthesis Kit (Thermo Scientific) 
according to the manufacturer’s instructions. The primers 
used to quantify TLR mRNAs are shown in Supplemen-
tary 1, and the Maxima SYBR Green qPCR master mix kit 
was used. The relevant transcripts of each target gene were 

reported as fold change (ΔΔCt) after being normalized to 
the unstimulated control and the housekeeping gene β-actin.

Quantification of cytokine production by ELISA

DENV-infected MDDC culture supernatants were tested 48 
hpi for the production of TNF-α, IL-6, IL-8, IL-12 (p70), 
and IL-10 using an ELISA kit (BD Biosciences) according 
to the manufacturer’s instructions.

Statistical analyses

To establish differences between related samples, the paired 
t test or the Wilcoxon rank test was applied depending on 
the normality test. To determine the statistical differences 
between groups, the Kruskal–Wallis test was used, with a 
confidence level of 95%, followed by Dunn’s multiple com-
parison test. Significant results are defined as p < 0.05 (*), 
p < 0.01 (**), and p < 0.001 (***). All data were plotted and 
analyzed using GraphPad Prism 5.03 (GraphPad Software 
Inc. San Diego, CA, USA). The http://jaspa​r.gener​eg.net/
cgibi​n/jaspa​rdb.pl link, an open-access database of tran-
scription factor binding profiles, was used to find putative 
response elements to vitD.

Results

Morphology and phenotype of MDDCs

After 6 days of differentiation, the obtained VD0-untreated 
MDDCs and VD11-treated MDDCs (VD0 and VD11, 
respectively) were semi-adherent cells with irregular mor-
phology and dendrites (Supplementary 2A), as previously 
reported [26, 27]. MDDCs expressed high levels of CD11c 
and HLA-DR and expressed low levels of CD80, CD86, 
and CD83 (Supplementary 2B). The purity of the cultures 
was higher than 90% (Supplementary 3C). Furthermore, 
CD14 expression was downregulated on the MDDCs; taken 
together, these results were consistent with typical MDDC 
phenotypes reported previously [22]. These results sug-
gested that the MDDCs obtained presented an immature 
phenotype.

High doses of vitD3 significantly increased serum 
calcidiol levels

To assess the impact of vitD3 supplementation on serum 
vitD levels, serum 25-(OH) D (calcidiol) levels were quan-
tified in volunteers, specifically before and after 10 days 
of supplementation. Serum calcidiol levels before sup-
plementation were similar between the two groups. In 
the vitD1000 group before supplementation, out of these 

http://jaspar.genereg.net/cgibin/jaspardb.pl
http://jaspar.genereg.net/cgibin/jaspardb.pl
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10 healthy subjects, 1/10 was found deficient (< 20 ng/
mL), 5/10 had insufficiency (20–29 ng/mL), and 4/10 had 
sufficiency of vitD (≥ 30 ng/mL) according to what was 
previously reported [28] (Fig. 1a). In the vitD4000 group 
of healthy subjects, 1/10 were deficient, 7/10 were insuffi-
cient, and 2/10 were sufficient for vitD (Fig. 1b). However, 
as expected, after 10 days of oral vitD3 supplementation 
(1000 IU/day), a significant increase in serum calcidiol 
levels was observed (Fig. 1a); it was noted that donors with 
insufficiency failed to reverse their status. By contrast, oral 
supplementation at 4000 IU/day increased calcidiol serum 
levels (Fig. 1b) and reversed the vitD deficiency status in 
80% of donors within 10 days of treatment. The increase 

in serum calcidiol levels following supplementation was 
statistically significant in both groups (Fig. 1a, b).

Supplementation with 4000 IU/day of vitD 
significantly decreased the frequency of MDDCs 
positive for the DENV E antigen

To assess the efficacy of oral vitD3 supplementation on 
DENV-2 infection of MDDCs, the percentage of infected 
cells was determined by flow cytometry before and after 
supplementation (Fig. 2). In the vitD4000 group, a signifi-
cant decrease (p = 0.037) was found in the percentage of 
positive MDDCs for DENV E antigen after 10 days of sup-
plementation compared with day 0 (Fig. 2a). By contrast, 

Fig. 1   Supplementation with VitD for 10  days increases serum cal-
cidiol levels. In a the differences between serum levels of calcidiol 
at day 0 and at day 11, in the VitD1000 group of individuals, are 
shown. In b the differences between serum levels of calcidiol at day 

0 and day 11, in the VitD4000 group of individuals, are shown. Dif-
ferences were calculated using a paired t test, *p < 0.05, **p < 0.01, 
***p < 0.001

Fig. 2   Supplementation with 4000 U/daily of VitD3 decreases the % 
of E (+) antigen cells. The monocyte-derived MDDCs obtained at 
day 0 and day 11 were infected with DENV-2 and 48 hpi the cells 
were harvested, and the percentage of cells positive for the 4G2 anti-
body was determined by flow cytometry, using as control of infected 
and infected MDDC staining permeabilized, labeled only with the 

secondary antibody (IgG2a-FITC anti-mouse). In a the percentage of 
MDDCs infected on days 0 and 11 in the VitD4000 group of individ-
uals is shown (p = 0.0042). In b the percentage of MDDCs infected 
by DENV-2 on days 0 and 11 in the VitD1000 group of individuals is 
shown (p = 0.4185). Differences were calculated using a paired t test, 
*p < 0.05, **p < 0.01, ***p < 0.001
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in the vitD1000 group, there was no statistically significant 
change (p = 0.4185) in the percentage of infected MDDCs 
(Fig. 2b). These results suggested that high levels of vitD 
might modulate MDDC permissiveness to DENV-2 infec-
tion; thus, sufficient levels of vitD could be associated with 
decreased frequency of infected cells.

Efficacy of vitD3 supplementation on DENV‑2 
replication

To determine the effect of vitD3 supplementation on viral 
replication, the number of DENV-2 RNA copies was deter-
mined. Although we observed a slight tendency of decreases 
and increases in the number of copies of positive-sense RNA 
in the vitD4000 and vitD1000 groups, respectively, the data 
were not statistically significant (Fig. 3a, b). Similar results 

were observed for the number of copies of negative-sense 
RNA in the vitD4000 and vitD1000 groups (Fig. 3c, d).

Supplementation with 4000 IU/day of vitD3 
decreases TLR expression in DENV‑2‑infected 
MDDCs

The immunomodulatory activity of vitD is related to 
its ability to regulate the expression of innate immune 
response receptors, such as TLRs. First, we proceeded 
to evaluate the TLR expression of MDDCs differentiated 
from monocytes obtained from healthy individuals who 
had not received an oral supplement of vitamin D3 and 
challenged with DENV-2 (Supplementary 3A). DENV-2 
infection significantly induced the upregulation of TLR3 
and TLR9 in MDDCs (Supplementary 3B and 3C), as 

Fig. 3   VitD3 supplementation does not affect the replication of 
DENV-2 in MDDCs. The MDDCs from monocytes obtained both 
on 0 and day 11 were infected with DENV-2 (MOI 5) and 48 hpi 
the cells were harvested and RNA was used to quantify the number 
of copies of positive and negative polarity viral RNA by qPCR. In 
a, the copy number of viral RNA of positive polarity in MDDCs of 
the VitD4000 group, p = 0.23 is shown. In b, the number of viral 

RNA copies of positive polarity in MDDCs of the VitD1000 group, 
p = 0.6953, is plotted. In c the number of viral RNA copies of nega-
tive polarity in MDDCs of the VitD4000 group, p = 0.43 is shown. 
In d we show the number of viral RNA copies of negative polarity 
in MDDCs of the VitD1000 group, p = 0.82 is presented. Differences 
were calculated using a Wilcoxon test
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we previously reported in DCs of infected patients [7]. 
Furthermore, there was a tendency of increased expres-
sion of TLR2 and TLR4 in DENV-2-infected MDDCs 
(Supplementary 3D and 3E).

Next, to determine the effect of vitD on the modu-
lation of TLR expression in DENV-infected MDDCs, 
the expression of these receptors was evaluated by 
flow cytometry and RT-qPCR in both the vitD4000 and 
vitD1000 groups. Interestingly, a significant decrease in 
the MFI of TLR9 was found in MDDCs from donors of 
both groups (vitD4000 and vitD1000) after 10 days of 
treatment (VD11) and infected with DENV-2 compared to 
expression on day 0 (VD0) (Fig. 4a, b, respectively), but 
no significant changes for either TLR2 or TLR3 expres-
sion were observed (data not shown). Nevertheless, a 
statistically significant decrease in the mRNA levels of 
TLR3 (Fig. 4c; p < 0.0147), TLR7 (Fig. 4d; p < 0.0020), 
and TLR9 (Fig. 4e; p < 0.0137) was found in MDDCs on 
day 10 vs. day 0. In the vitD1000 group, no significant 
changes in the mRNA levels of TLR2, TLR3, TLR7, and 
TLR9 were observed (data not shown).

Vitamin D supplementation alters the production 
of both pro‑ and anti‑inflammatory cytokines 
in MDDCs infected with DENV‑2

The release of pro- and anti-inflammatory cytokines in 
DENV infection has been previously reported in MDDCs 
[29]. On the basis of these observations and because of our 
aforementioned results demonstrating that TLR expres-
sion is downregulated in MDDCs of donors who received 
vitD3 and infected with DENV, we proceeded to quantify 
the production of pro- and anti-inflammatory cytokines in 
culture supernatants. In both the vitD4000 and vitD1000 
groups, cytokine production was determined on VD0 (day 
0) and VD11 (day 11). There was no significant difference 
in cytokine production in MDDCs without infection when 
comparing VD0 versus VD11 in both groups (Fig. 5). There 
was a significant increase in the production of IL-6 (Fig. 5a) 
and TNF-α (Fig. 5b) in infected MDDCs with (vitD1000 and 
vitD4000 groups) or without vitD3 (VD0) compared with 
uninfected MDDCs, suggesting that vitD3 does not affect 
the secretion of these cytokines. An important finding of the 
current study was that the production of IL-8 significantly 
decreased in MDDCs from the vitD1000 group after 10 days 

Fig. 4   DENV-2-infected MDDCs from VitD4000 individuals express 
lower TLR levels. The MDDCs obtained at day 0 and day 11 of the 
VitD4000 and VitD1000 individuals were infected with DENV-2 
and 48 hpi the cells were harvested and the density of expression 

of TLR9 (a, b) were determined by flow cytometry (protein expres-
sion); TLR3 (c), TLR7 (d) and TLR9 (e) were determined by qPCR 
(mRNA expression). Differences were calculated using a Wilcoxon 
test, *p < 0.05, **p < 0.01, ***p < 0.001
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of vitD3 supplementation (VD11) vs. VD0 MDDCs, both of 
which were challenged with DENV-2 (Fig. 5c). Interestingly, 
IL-12 production was significantly decreased in DENV-2-in-
fected MDDCs in both the vitD1000 and vitD4000 groups 
after 10 days of supplementation (VD11) compared with 
VD0 (Fig. 5d). Moreover, a significant increase in IL-10 
production was found in DENV-2-infected MDDC cultures 
of donors supplemented with 4000 IU vitD3 (Fig. 5e).

Discussion

As previously reported [30], we found that supplementation 
of 4000 IU/day of vitD3 led to the reversal of vitD insuf-
ficiency/deficiency status of most subjects in this study but 
not in donors receiving 1000 IU/day. These findings con-
trasted with previous reports suggesting that a 1000 IU/day 
dose of vitD3 is sufficient to achieve and maintain optimal 
serum vitD levels [31], implying that there may be socio-cul-
tural, environmental, and genetic factors that contribute in 
establishing the levels of response to vitD supplementation. 
This is important because vitD3 functions in the modulation 

of the immune response, and its deficiency has been associ-
ated with susceptibility to several infectious diseases [31], 
such as hepatitis virus-associated diseases [32]. Further-
more, a recent study has implicated the antiviral effect of 
vitD against HIV-1, and the increased risk or severity of HIV 
infection is linked to a deficiency of vitD [33].

It has been reported that vitD oral supplementation 
improved overall clinical symptoms of dengue that has 
been associated with VDR genetic variants [17, 34, 35]. In 
this study, we observed that MDDCs obtained from healthy 
donors who received high doses of vitD and differentiated 
in the presence of autologous serum were more resistant 
to DENV-2 infection. Although there was a significant 
reduction in the percentage of DENV-2-infected MDDCs, 
we only observed a slight decrease in the number of cop-
ies of both positive- and negative-sense viral RNAs. These 
results were in line with our previous findings showing that 
MDM (monocyte-derived macrophages) differentiated in 
the presence of vitD3 or macrophages differentiated from 
monocytes obtained from individuals supplemented with 
high doses of vitD restricted DENV infection and pro-
inflammatory cytokine production [14, 15]. The effects of 

Fig. 5   VitD3 supplementation modulates the secretion of pro- and 
anti-inflammatory cytokines in MDDCs infected with DENV-2. 
The culture supernatants of MDDCs infected [(+) DV] or not (−) 
DV] with DENV-2 at day 0 (control) and at day 11, obtained from 
VitD4000 and VitD1000 individuals, were collected 48 hpi and were 

tested for IL-6 (a), TNFα (b), IL-8 (c), IL-12 (d) and IL-10 (e). To 
determine the statistical differences between the groups a Kruskal–
Wallis test was used followed by Dunn’s multiple comparison test; 
the error bars show the median and interquartile range. *p < 0.05, 
**p < 0.01, ***p < 0.001
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oral supplementation with high doses of vitD have also been 
reported in other viral infections, such as HIV-1, showing 
attenuated viral replication [36]. Bergman et al. [37] found 
that symptoms were significantly reduced among partici-
pants with frequent respiratory tract infections who received 
4000 IU/day of vitD3.

On the other hand, there was no change in the percent-
age of DENV-2-infected MDDCs obtained from donors who 
received a low dose of vitD (1000 IU/day; p = 0.4185), sug-
gesting that vitD3 supplementation can promote inhibition 
of DENV infection in a dose-dependent manner. However, 
the mechanism involved is still unclear. Because some stud-
ies suggested that vitD induced the expression of some anti-
microbial peptides, such as defensins or cathelicidin [38, 
39], the anti-DENV activity might be associated with these 
peptides [40, 41]. Alternatively, an effect on the expression 
of the receptor could be expected, as we reported previously 
in MDMs [15], in which its expression and functionality 
were reported to decrease in MDDCs treated with vitD 
in vitro [42]. Puerta-Guardo et al. [16] also found that vitD 
treatment of monocytes or hepatic cell lines resulted in a 
significant decrease in the percentage of infected cells.

Notwithstanding that DCs are primary targets and major 
players in early immune responses to DENV [43], the effect 
of vitD on the innate immune response in MDDCs during 
DENV infection has not been studied. Consequently, our 
study is the first to explore the impact of vitD on DENV 
infection on these cell populations. Here we examined the 
effect of vitD3 on TLR expression in MDDCs infected 
with DENV-2. An oral supplement of 4000  IU/day of 
vitD3 significantly decreased TLR9 protein levels and the 
mRNA abundance of TLR3, TLR7, and TLR9. However, 
1000  IU/day of vitD only decreased the TLR9 protein 
level in MDDCs infected with DENV. Similar results were 
recently reported [44]; TLR9 expression is downregulated in 
monocytes exposed to vitD3 with a functional consequence 
because these downregulations were associated with lower 
production of IL-6. Although the underlying mechanisms 
are not clear, using computational methods (http://jaspa​
r.gener​eg.net/), we found that these TLRs presented multi-
ple vitD-response elements (VDRE) in their gene sequence 
(Supplementary 4), suggesting a possible direct regulation of 
vitD in the expression of these TLRs. This is very interesting 
because it has been reported that extensive TLR stimula-
tion leads to the activation of the inflammatory process in 
response to DENV infection [11, 45]. The downregulation 
of intracellular TLR (TLR3, TLR7, and TLR9) expression 
observed becomes more critical considering that it was pre-
viously reported that these TLRs are important in the detec-
tion of DENV and subsequent activation of the inflamma-
tory response receptors [46–48]. However, it was recently 
reported that TLR9 activation, through mtDNA, contributes 
to DENV-induced immune activation [8]. Interestingly, like 

us [7], other authors recently have associated alterations 
in TLR9 regulation with the severity of dengue disease. It 
has been found downregulation of TLR9 expression in the 
period of defervescence in patients with severe dengue [49]. 
This suggests a possible role of TLR9 in the immunopathol-
ogy of the disease, therefore the action of vitD observed in 
this study could regulate the inflammatory response in infec-
tion through TLR9 signaling. However, in order to deter-
mine the involvement of TLRs in the disease pathology, to 
study the dynamic of TLR expression is needed.

Given that high levels of IL-10 and low IL-12 production 
have been documented as common features in regulatory 
DCs [50], we examined the secretion of these two cytokines 
by MDDCs. We found that DENV-infected MDDCs dif-
ferentiated from monocytes obtained from subjects sup-
plemented with 1000 or 4000 IU/day of vitD3 significantly 
decreased the production of IL-12 in a dose-independent 
manner. Bartels and colleagues [18] also observed in vitro 
that LPS-stimulated MDDCs exposed to different concen-
trations of vitD decreased the production of IL-12. This 
finding is relevant because previously an increase in plasma 
concentrations of IL-12 in patients with dengue was shown 
[51], which suggests that low production of this cytokine 
might promote a beneficial role in reducing the ability of 
DCs to induce a pro-inflammatory profile, as reported in 
other diseases [52]. By contrast, in DENV-infected MDDCs 
differentiated from monocytes obtained from healthy donors 
who received 4000 IU/day, IL-10 production was signifi-
cantly increased. It could be through VDREs because, in 
monocytes, it was reported that the promoter region of the 
IL-10 gene contains two conserved VDR binding sites [53]. 
The fact that we have observed an increase in IL-10 is inter-
esting because Ho et al. [29] reported that DCs infected with 
DENV induced the production of TNF-α and IFN-α, but not 
IL-12 or IL-10.

High levels of IL-10 have been associated with the 
induction of the tolerogenic profile of DCs, decreasing the 
activation of T lymphocytes with a pro-inflammatory pro-
file (Th1) [54]. Because IL-10 has potent immunoregula-
tory properties in viral infections, we speculated that IL-10 
produced by MDDCs may contribute to the control of SD 
by suppressing the production of vasoactive pro-inflam-
matory cytokines related to endothelial damage, such as 
IL-1β, IL-6, and TNFα produced after DENV infection, 
which has been proposed by others in monocytes [55]. 
Because in our model we observed that DENV infection 
of MDDCs (before vitD3 supplementation) suppressed 
IL-10 production, we purported that it can limit the abil-
ity of DCs to promote differentiation and proliferation of 
CD4+ T cells. After vitD treatment, DCs recovered this 
ability because these cells secreted high levels of IL-10. 
In addition, it has been reported that high IL-10 produc-
tion inhibits the expression of some pro-inflammatory 

http://jaspar.genereg.net/
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cytokines, leading to further suppression of the ability of 
effector cells to prolong the inflammatory response [56], 
thus avoiding the progression of dengue to SD. However, 
high levels of serum IL-10 have been proposed as a marker 
of SD infection given the increased levels of this cytokine 
that has been found in the bloodstream of patients with 
dengue hemorrhagic fever (DHF) [57, 58]. Other studies 
reported that the timing of IL-10 production is dynamic 
and varies throughout the illness. There are peaking levels 
of IL-10 that have been observed around defervescence 
of DHF patients, but no peaks were observed in patients 
with dengue fever [59], suggesting that regulation of IL-10 
expression by DENV might be bidirectional depending 
on the time of quantification. Nevertheless, the high lev-
els of this cytokine found in the plasma of patients with 
SD may be the result of the participation of other fac-
tors involved in the modulation of the immune system and 
the increase in the production of IL-10 or compensatory 
response of pro-inflammatory factors generated during 
DENV infection.

Moreover, in MDDCs obtained from vitD1000 donors, 
a significant decrease in IL-8 secretion was also observed 
after DENV-2 infection, an important finding considering 
that this cytokine is elevated in the serum of patients with 
DENV [51]. Nevertheless, the effect of vitD on IL-8 secre-
tion is controversial because some studies suggest that vitD 
decreases serum IL-8 concentrations [60]. A previous study 
in monocytes reported that vitD increased the secretion of 
IL-8 in response to stimulation with TLR ligands [26, 61]; 
hence, additional studies are needed to elucidate the role of 
vitD in regulating IL-8 production in DENV infection.

In conclusion, the findings of our study indicated that 
DENV-infected MDDCs obtained from healthy donors 
supplemented with high doses of vitD highly expressed 
anti-inflammatory cytokines (IL-10) and lower levels of 
pro-inflammatory cytokine IL-12 because of the down-
regulation of TLR expression. In addition, in these cells, 
lower levels of DENV infection were found. These results 
suggested that increased vitD3 supplementation might be 
a way of lowering the pro-inflammatory response observed 
in patients with SD and could be used as a therapeutic 
strategy to control dengue progression.

Authors’ contributions  Funding acquisition and project administration: 
SUI; conceived and designed the experiments: JM and SUI; investiga-
tion: JM and JCH; formal analysis: JM and SUI; writing original draft: 
JM, JCH, and SUI; writing review and editing: SUI. Approval of article 
for publication: JM, JCH, and SUI.

Funding  This work was supported by the Colciencias under Grant 
111556933443, Colombia; and Universidad de Antioquia, UdeA. The 
funders had no role in study design, data collection and analyses, deci-
sion to publish, or preparation of the manuscript.

Compliance with ethical standards 

Conflict of interest  The authors declare no conflict of interest.

References

	 1.	 Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes 
CL, Drake JM, Brownstein JS, Hoen AG, Sankoh O, Myers MF, 
George DB, Jaenisch T, Wint GR, Simmons CP, Scott TW, Farrar 
JJ, Hay SI (2013) The global distribution and burden of dengue. 
Nature 496(7446):504–507. https​://doi.org/10.1038/natur​e1206​0

	 2.	 Guzman MG, Harris E (2014) Dengue. Lancet 385(9966):453–
465. https​://doi.org/10.1016/s0140​-6736(14)60572​-9

	 3.	 Guabiraba R, Ryffel B (2013) Dengue virus infection: current con-
cepts in immune mechanisms and lessons from murine models. 
Immunology 141(2):143–156. https​://doi.org/10.1111/imm.12188​

	 4.	 Soe HJ, Khan AM, Manikam R, Samudi Raju C, Vanhoutte P, 
Sekaran SD (2017) High dengue virus load differentially mod-
ulates human microvascular endothelial barrier function dur-
ing early infection. J Gen Virol 98(12):2993–3007. https​://doi.
org/10.1099/jgv.0.00098​1

	 5.	 Luplertlop N, Misse D, Bray D, Deleuze V, Gonzalez JP, Leard-
kamolkarn V, Yssel H, Veas F (2006) Dengue-virus-infected 
dendritic cells trigger vascular leakage through metalloprotein-
ase overproduction. EMBO Rep 7(11):1176–1181. https​://doi.
org/10.1038/sj.embor​.74008​14

	 6.	 Torres S, Flipse J, Upasani VC, van der Ende-Metselaar H, 
Urcuqui-Inchima S, Smit JM, Rodenhuis-Zybert IA (2016) 
Altered immune response of immature dendritic cells following 
dengue virus infection in the presence of specific antibodies. J Gen 
Virol 97(7):1584–1591. https​://doi.org/10.1099/jgv.0.00049​1

	 7.	 Torres S, Hernandez JC, Giraldo D, Arboleda M, Rojas M, Smit 
JM, Urcuqui-Inchima S (2013) Differential expression of Toll-
like receptors in dendritic cells of patients with dengue during 
early and late acute phases of the disease. PLoS Negl Trop Dis 
7(2):e2060. https​://doi.org/10.1371/journ​al.pntd.00020​60pnt​
d-d-12-00843​

	 8.	 Lai JH, Wang MY, Huang CY, Wu CH, Hung LF, Yang CY, Ke 
PY, Luo SF, Liu SJ, Ho LJ (2018) Infection with the dengue RNA 
virus activates TLR9 signaling in human dendritic cells. EMBO 
Rep. https​://doi.org/10.15252​/embr.20184​6182

	 9.	 Hsu YL, Wang MY, Ho LJ, Lai JH (2016) Dengue virus infection 
induces interferon-lambda1 to facilitate cell migration. Sci Rep 
6:24530. https​://doi.org/10.1038/srep2​4530

	10.	 Akira S (2006) TLR signaling. Curr Top Microbiol Immunol 
311:1–16

	11.	 Chen J, Ng MM, Chu JJ (2015) Activation of TLR2 and TLR6 
by dengue NS1 protein and its implications in the immunopatho-
genesis of dengue virus infection. PLoS Pathog 11(7):e1005053. 
https​://doi.org/10.1371/journ​al.ppat.10050​53

	12.	 George JA, Kim SB, Choi JY, Patil AM, Hossain FMA, Uyangaa 
E, Hur J, Park SY, Lee JH, Kim K, Eo SK (2017) TLR2/MyD88 
pathway-dependent regulation of dendritic cells by dengue virus 
promotes antibody-dependent enhancement via Th2-biased immu-
nity. Oncotarget 8(62):106050–106070. https​://doi.org/10.18632​/
oncot​arget​.22525​

	13.	 Beard JA, Bearden A, Striker R (2011) Vitamin D and the anti-
viral state. J Clin Virol 50(3):194–200. https​://doi.org/10.1016/j.
jcv.2010.12.006

	14.	 Giraldo DM, Cardona A, Urcuqui-Inchima S (2018) High-dose 
of vitamin D supplement is associated with reduced suscepti-
bility of monocyte-derived macrophages to dengue virus infec-
tion and pro-inflammatory cytokine production: an exploratory 

https://doi.org/10.1038/nature12060
https://doi.org/10.1016/s0140-6736(14)60572-9
https://doi.org/10.1111/imm.12188
https://doi.org/10.1099/jgv.0.000981
https://doi.org/10.1099/jgv.0.000981
https://doi.org/10.1038/sj.embor.7400814
https://doi.org/10.1038/sj.embor.7400814
https://doi.org/10.1099/jgv.0.000491
https://doi.org/10.1371/journal.pntd.0002060pntd-d-12-00843
https://doi.org/10.1371/journal.pntd.0002060pntd-d-12-00843
https://doi.org/10.15252/embr.201846182
https://doi.org/10.1038/srep24530
https://doi.org/10.1371/journal.ppat.1005053
https://doi.org/10.18632/oncotarget.22525
https://doi.org/10.18632/oncotarget.22525
https://doi.org/10.1016/j.jcv.2010.12.006
https://doi.org/10.1016/j.jcv.2010.12.006


Molecular and Cellular Biochemistry	

1 3

study. Clin Chim Acta 478:140–151. https​://doi.org/10.1016/j.
cca.2017.12.044

	15.	 Arboleda Alzate JF, Rodenhuis-Zybert IA, Hernandez JC, Smit 
JM, Urcuqui-Inchima S (2017) Human macrophages differentiated 
in the presence of vitamin D3 restrict dengue virus infection and 
innate responses by downregulating mannose receptor expression. 
PLoS Negl Trop Dis 11(10):e0005904. https​://doi.org/10.1371/
journ​al.pntd.00059​04

	16.	 Puerta-Guardo H, Medina F, De la Cruz Hernandez SI, Rosales 
VH, Ludert JE, del Angel RM (2012) The 1alpha,25-dihydroxy-
vitamin D3 reduces dengue virus infection in human myelomono-
cyte (U937) and hepatic (Huh-7) cell lines and cytokine produc-
tion in the infected monocytes. Antiviral Res 94(1):57–61. https​
://doi.org/10.1016/j.antiv​iral.2012.02.006

	17.	 Alagarasu K, Honap T, Mulay AP, Bachal RV, Shah PS, Cecilia 
D (2012) Association of vitamin D receptor gene polymor-
phisms with clinical outcomes of dengue virus infection. Hum 
Immunol 73(11):1194–1199. https​://doi.org/10.1016/j.humim​
m.2012.08.007

	18.	 Bartels LE, Hvas CL, Agnholt J, Dahlerup JF, Agger R (2010) 
Human dendritic cell antigen presentation and chemotaxis are 
inhibited by intrinsic 25-hydroxy vitamin D activation. Int Immu-
nopharmacol 10(8):922–928. https​://doi.org/10.1016/j.intim​
p.2010.05.003

	19.	 Gottfried E, Rehli M, Hahn J, Holler E, Andreesen R, Kreutz M 
(2006) Monocyte-derived cells express CYP27A1 and convert 
vitamin D3 into its active metabolite. Biochem Biophys Res Com-
mun 349(1):209–213. https​://doi.org/10.1016/j.bbrc.2006.08.034

	20.	 Ross AC, Manson JE, Abrams SA, Aloia JF, Brannon PM, Clinton 
SK, Durazo-Arvizu RA, Gallagher JC, Gallo RL, Jones G, Kovacs 
CS, Mayne ST, Rosen CJ, Shapses SA (2011) The 2011 report on 
dietary reference intakes for calcium and vitamin D from the Insti-
tute of Medicine: what clinicians need to know. J Clin Endocrinol 
Metab 96(1):53–58. https​://doi.org/10.1210/jc.2010-2704

	21.	 Vieth R (1999) Vitamin D supplementation, 25-hydroxyvitamin 
D concentrations, and safety. Am J Clin Nutr 69(5):842–856

	22.	 Nair S, Archer GE, Tedder TF (2012) Isolation and generation of 
human dendritic cells. Curr Protoc Immunol Chapter 7(Unit7):32. 
https​://doi.org/10.1002/04711​42735​.im073​2s99

	23.	 Lambeth CR, White LJ, Johnston RE, de Silva AM (2005) 
Flow cytometry-based assay for titrating dengue virus. J 
Clin Microbiol 43(7):3267–3272. https​://doi.org/10.1128/
jcm.43.7.3267-3272.2005

	24.	 Diamond MS, Edgil D, Roberts TG, Lu B, Harris E (2000) Infec-
tion of human cells by dengue virus is modulated by different cell 
types and viral strains. J Virol 74(17):7814–7823

	25.	 Shu PY, Chang SF, Kuo YC, Yueh YY, Chien LJ, Sue CL, Lin TH, 
Huang JH (2003) Development of group- and serotype-specific 
one-step SYBR green I-based real-time reverse transcription-PCR 
assay for dengue virus. J Clin Microbiol 41(6):2408–2416

	26.	 Brosbol-Ravnborg A, Bundgaard B, Hollsberg P (2013) Synergy 
between vitamin D(3) and Toll-like receptor agonists regulates 
human dendritic cell response during maturation. Clin Dev Immu-
nol 2013:807971. https​://doi.org/10.1155/2013/80797​1

	27.	 Feng C, Feng M, Jiao R, Liu D, Jin Y, Zhao X, Xiao R (2016) 
Effect of Dezocine on IL-12 and IL-10 secretion and lymphocyte 
activation by culturing dendritic cells from human umbilical cord 
blood. Eur J Pharmacol 796:110–114. https​://doi.org/10.1016/j.
ejpha​r.2016.12.035

	28.	 Lang PO, Samaras N, Samaras D, Aspinall R (2013) How 
important is vitamin D in preventing infections? Osteoporos Int 
24(5):1537–1553. https​://doi.org/10.1007/s0019​8-012-2204-6

	29.	 Ho LJ, Wang JJ, Shaio MF, Kao CL, Chang DM, Han SW, Lai 
JH (2001) Infection of human dendritic cells by dengue virus 
causes cell maturation and cytokine production. J Immunol 
166(3):1499–1506

	30.	 Haimi M, Kremer R (2017) Vitamin D deficiency/insufficiency 
from childhood to adulthood: insights from a sunny country. 
World J Clin Pediatr 6(1):1–9. https​://doi.org/10.5409/wjcp.
v6.i1.1

	31.	 Holick MF (2012) Vitamin D: extraskeletal health. Rheum 
Dis Clin North Am 38(1):141–160. https​://doi.org/10.1016/j.
rdc.2012.03.013

	32.	 Hoan NX, Tong HV, Song LH, Meyer CG, Velavan TP (2018) 
Vitamin D deficiency and hepatitis viruses-associated liver dis-
eases: a literature review. World J Gastroenterol 24(4):445–460. 
https​://doi.org/10.3748/wjg.v24.i4.445

	33.	 Viard JP, Souberbielle JC, Kirk O, Reekie J, Knysz B, Losso 
M, Gatell J, Pedersen C, Bogner JR, Lundgren JD, Mocroft 
A, Euro SSG (2011) Vitamin D and clinical disease progres-
sion in HIV infection: results from the EuroSIDA study. Aids 
25(10):1305–1315. https​://doi.org/10.1097/QAD.0b013​e3283​
47f6f​7

	34.	 Loke H, Bethell D, Phuong CX, Day N, White N, Farrar J, Hill 
A (2002) Susceptibility to dengue hemorrhagic fever in viet-
nam: evidence of an association with variation in the vitamin d 
receptor and Fc gamma receptor IIa genes. Am J Trop Med Hyg 
67(1):102–106

	35.	 Sanchez-Valdez E, Delgado-Aradillas M, Torres-Martinez JA, 
Torres-Benitez JM (2009) Clinical response in patients with den-
gue fever to oral calcium plus vitamin D administration: study of 
5 cases. Proc West Pharmacol Soc 52:14–17

	36.	 Coussens AK, Naude CE, Goliath R, Chaplin G, Wilkinson RJ, 
Jablonski NG (2015) High-dose vitamin D3 reduces deficiency 
caused by low UVB exposure and limits HIV-1 replication in 
urban Southern Africans. Proc Natl Acad Sci USA 112(26):8052–
8057. https​://doi.org/10.1073/pnas.15009​09112​

	37.	 Bergman P, Norlin AC, Hansen S, Rekha RS, Agerberth B, 
Bjorkhem-Bergman L, Ekstrom L, Lindh JD, Andersson J (2012) 
Vitamin D3 supplementation in patients with frequent respiratory 
tract infections: a randomised and double-blind intervention study. 
BMJ Open. https​://doi.org/10.1136/bmjop​en-2012-00166​3

	38.	 Aguilar-Jimenez W, Zapata W, Rugeles MT (2016) Antiviral mol-
ecules correlate with vitamin D pathway genes and are associ-
ated with natural resistance to HIV-1 infection. Microbes Infect 
18(7–8):510–516. https​://doi.org/10.1016/j.micin​f.2016.03.015

	39.	 Wang TT, Nestel FP, Bourdeau V, Nagai Y, Wang Q, Liao J, 
Tavera-Mendoza L, Lin R, Hanrahan JW, Mader S, White JH 
(2004) Cutting edge: 1,25-dihydroxyvitamin D3 is a direct 
inducer of antimicrobial peptide gene expression. J Immunol 
173(5):2909–2912

	40.	 Alagarasu K, Patil PS, Shil P, Seervi M, Kakade MB, Tillu H, 
Salunke A (2017) In-vitro effect of human cathelicidin antimi-
crobial peptide LL-37 on dengue virus type 2. Peptides 92:23–30. 
https​://doi.org/10.1016/j.pepti​des.2017.04.002

	41.	 Lopez-Gonzalez M, Meza-Sanchez D, Garcia-Cordero J, Bustos-
Arriaga J, Velez-Del Valle C, Marsch-Moreno M, Castro-Jimenez 
T, Flores-Romo L, Santos-Argumedo L, Gutierrez-Castaneda B, 
Cedillo-Barron L (2018) Human keratinocyte cultures (HaCaT) 
can be infected by DENV, triggering innate immune responses 
that include IFNlambda and LL37. Immunobiology 223(11):608–
617. https​://doi.org/10.1016/j.imbio​.2018.07.006

	42.	 Berer A, Stockl J, Majdic O, Wagner T, Kollars M, Lechner K, 
Geissler K, Oehler L (2000) 1,25-Dihydroxyvitamin D(3) inhibits 
dendritic cell differentiation and maturation in vitro. Exp Hematol 
28(5):575–583

	43.	 Kyle JL, Beatty PR, Harris E (2007) Dengue virus infects mac-
rophages and dendritic cells in a mouse model of infection. J 
Infect Dis 195(12):1808–1817. https​://doi.org/10.1086/51800​7

	44.	 Dickie LJ, Church LD, Coulthard LR, Mathews RJ, Emery P, 
McDermott MF (2010) Vitamin D3 down-regulates intracellular 
Toll-like receptor 9 expression and Toll-like receptor 9-induced 

https://doi.org/10.1016/j.cca.2017.12.044
https://doi.org/10.1016/j.cca.2017.12.044
https://doi.org/10.1371/journal.pntd.0005904
https://doi.org/10.1371/journal.pntd.0005904
https://doi.org/10.1016/j.antiviral.2012.02.006
https://doi.org/10.1016/j.antiviral.2012.02.006
https://doi.org/10.1016/j.humimm.2012.08.007
https://doi.org/10.1016/j.humimm.2012.08.007
https://doi.org/10.1016/j.intimp.2010.05.003
https://doi.org/10.1016/j.intimp.2010.05.003
https://doi.org/10.1016/j.bbrc.2006.08.034
https://doi.org/10.1210/jc.2010-2704
https://doi.org/10.1002/0471142735.im0732s99
https://doi.org/10.1128/jcm.43.7.3267-3272.2005
https://doi.org/10.1128/jcm.43.7.3267-3272.2005
https://doi.org/10.1155/2013/807971
https://doi.org/10.1016/j.ejphar.2016.12.035
https://doi.org/10.1016/j.ejphar.2016.12.035
https://doi.org/10.1007/s00198-012-2204-6
https://doi.org/10.5409/wjcp.v6.i1.1
https://doi.org/10.5409/wjcp.v6.i1.1
https://doi.org/10.1016/j.rdc.2012.03.013
https://doi.org/10.1016/j.rdc.2012.03.013
https://doi.org/10.3748/wjg.v24.i4.445
https://doi.org/10.1097/QAD.0b013e328347f6f7
https://doi.org/10.1097/QAD.0b013e328347f6f7
https://doi.org/10.1073/pnas.1500909112
https://doi.org/10.1136/bmjopen-2012-001663
https://doi.org/10.1016/j.micinf.2016.03.015
https://doi.org/10.1016/j.peptides.2017.04.002
https://doi.org/10.1016/j.imbio.2018.07.006
https://doi.org/10.1086/518007


	 Molecular and Cellular Biochemistry

1 3

IL-6 production in human monocytes. Rheumatology (Oxford) 
49(8):1466–1471. https​://doi.org/10.1093/rheum​atolo​gy/keq12​4

	45.	 Schmid MA, Diamond MS, Harris E (2014) Dendritic cells in 
dengue virus infection: targets of virus replication and mediators 
of immunity. Front Immunol 5:647. https​://doi.org/10.3389/fimmu​
.2014.00647​

	46.	 Wang JP, Liu P, Latz E, Golenbock DT, Finberg RW, Libraty 
DH (2006) Flavivirus activation of plasmacytoid dendritic cells 
delineates key elements of TLR7 signaling beyond endosomal 
recognition. J Immunol 177(10):7114–7121

	47.	 Tsai YT, Chang SY, Lee CN, Kao CL (2009) Human TLR3 
recognizes dengue virus and modulates viral replication 
in vitro. Cell Microbiol 11(4):604–615. https​://doi.org/10.111
1/j.1462-5822.2008.01277​.x

	48.	 Nasirudeen AM, Wong HH, Thien P, Xu S, Lam KP, Liu DX 
(2011) RIG-I, MDA5 and TLR3 synergistically play an important 
role in restriction of dengue virus infection. PLoS Negl Trop Dis 
5(1):e926. https​://doi.org/10.1371/journ​al.pntd.00009​26

	49.	 Balakrishna Pillai A, Cherupanakkal C, Immanuel J, Saravanan E, 
Eswar Kumar V, Kadhiravan T, Rajendiran S (2019) Expression 
pattern of selected Toll-like receptors (TLR’s) in the PBMC’s of 
severe and non-severe dengue cases. Immunol Invest. https​://doi.
org/10.1080/08820​139.2019.16539​08

	50.	 Morelli AE, Thomson AW (2007) Tolerogenic dendritic cells and 
the quest for transplant tolerance. Nat Rev Immunol 7(8):610–621. 
https​://doi.org/10.1038/nri21​32

	51.	 Basu A, Chaturvedi UC (2008) Vascular endothelium: the bat-
tlefield of dengue viruses. FEMS Immunol Med Microbiol 
53(3):287–299. https​://doi.org/10.1111/j.1574-695x.2008.00420​.x

	52.	 Croxford AL, Kulig P, Becher B (2014) IL-12-and IL-23 in health 
and disease. Cytokine Growth Factor Rev 25(4):415–421. https​://
doi.org/10.1016/j.cytog​fr.2014.07.017

	53.	 Matilainen JM, Husso T, Toropainen S, Seuter S, Turunen MP, 
Gynther P, Yla-Herttuala S, Carlberg C, Vaisanen S (2010) Pri-
mary effect of 1alpha,25(OH)(2)D(3) on IL-10 expression in 
monocytes is short-term down-regulation. Biochim Biophys Acta 
11:1276–1286. https​://doi.org/10.1016/j.bbamc​r.2010.07.009

	54.	 Pedersen AW, Holmstrom K, Jensen SS, Fuchs D, Rasmussen S, 
Kvistborg P, Claesson MH, Zocca MB (2009) Phenotypic and 
functional markers for 1alpha,25-dihydroxyvitamin D(3)-modified 

regulatory dendritic cells. Clin Exp Immunol 157(1):48–59. https​
://doi.org/10.1111/j.1365-2249.2009.03961​.x

	55.	 Chunhakan S, Butthep P, Yoksan S, Tangnararatchakit K, Chu-
ansumrit A (2015) Vascular leakage in dengue hemorrhagic 
fever is associated with dengue infected monocytes, monocyte 
activation/exhaustion, and cytokines production. Int J Vasc Med 
2015:917143. https​://doi.org/10.1155/2015/91714​3

	56.	 Wakkach A, Fournier N, Brun V, Breittmayer JP, Cottrez F, Groux 
H (2003) Characterization of dendritic cells that induce toler-
ance and T regulatory 1 cell differentiation in vivo. Immunity 
18(5):605–617

	57.	 Marin-Palma D, Sirois CM, Urcuqui-Inchima S, Hernandez JC 
(2019) Inflammatory status and severity of disease in dengue 
patients are associated with lipoprotein alterations. PLoS ONE 
14(3):e0214245. https​://doi.org/10.1371/journ​al.pone.02142​45

	58.	 Malavige GN, Gomes L, Alles L, Chang T, Salimi M, Fernando 
S, Nanayakkara KD, Jayaratne S, Ogg GS (2013) Serum IL-10 
as a marker of severe dengue infection. BMC Infect Dis 13:341. 
https​://doi.org/10.1186/1471-2334-13-341

	59.	 Adikari TN, Gomes L, Wickramasinghe N, Salimi M, Wijesiri-
wardana N, Kamaladasa A, Shyamali NL, Ogg GS, Malavige GN 
(2016) Dengue NS1 antigen contributes to disease severity by 
inducing interleukin (IL)-10 by monocytes. Clin Exp Immunol 
184(1):90–100. https​://doi.org/10.1111/cei.12747​

	60.	 Hoe E, Nathanielsz J, Toh ZQ, Spry L, Marimla R, Balloch A, 
Mulholland K, Licciardi PV (2016) Anti-inflammatory effects of 
vitamin D on human immune cells in the context of bacterial 
infection. Nutrients. https​://doi.org/10.3390/nu812​0806

	61.	 Ikeuchi T, Nakamura T, Fukumoto S, Takada H (2012) A vita-
min D3 analog augmented interleukin-8 production by human 
monocytic cells in response to various microbe-related syn-
thetic ligands, especially NOD2 agonistic muramyldipeptide. Int 
Immunopharmacol 15(1):15–22. https​://doi.org/10.1016/j.intim​
p.2012.10.027

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/rheumatology/keq124
https://doi.org/10.3389/fimmu.2014.00647
https://doi.org/10.3389/fimmu.2014.00647
https://doi.org/10.1111/j.1462-5822.2008.01277.x
https://doi.org/10.1111/j.1462-5822.2008.01277.x
https://doi.org/10.1371/journal.pntd.0000926
https://doi.org/10.1080/08820139.2019.1653908
https://doi.org/10.1080/08820139.2019.1653908
https://doi.org/10.1038/nri2132
https://doi.org/10.1111/j.1574-695x.2008.00420.x
https://doi.org/10.1016/j.cytogfr.2014.07.017
https://doi.org/10.1016/j.cytogfr.2014.07.017
https://doi.org/10.1016/j.bbamcr.2010.07.009
https://doi.org/10.1111/j.1365-2249.2009.03961.x
https://doi.org/10.1111/j.1365-2249.2009.03961.x
https://doi.org/10.1155/2015/917143
https://doi.org/10.1371/journal.pone.0214245
https://doi.org/10.1186/1471-2334-13-341
https://doi.org/10.1111/cei.12747
https://doi.org/10.3390/nu8120806
https://doi.org/10.1016/j.intimp.2012.10.027
https://doi.org/10.1016/j.intimp.2012.10.027

	Effect of high doses of vitamin D supplementation on dengue virus replication, Toll-like receptor expression, and cytokine profiles on dendritic cells
	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Study subjects
	Blood sample collections
	Monocyte purification and differentiation
	Phenotyping MDDC markers by flow cytometry
	DENV stocks and titration
	DENV-2 infection of MDDCs
	Quantification of DENV-2 infection by flow cytometry
	Quantification of DENV-2 genomic RNA by real-time PCR
	Quantification of TLR expression by flow cytometry
	RNA isolation, cDNA synthesis, and analysis of TLR mRNA by real-time PCR
	Quantification of cytokine production by ELISA
	Statistical analyses

	Results
	Morphology and phenotype of MDDCs
	High doses of vitD3 significantly increased serum calcidiol levels
	Supplementation with 4000 IUday of vitD significantly decreased the frequency of MDDCs positive for the DENV E antigen
	Efficacy of vitD3 supplementation on DENV-2 replication
	Supplementation with 4000 IUday of vitD3 decreases TLR expression in DENV-2-infected MDDCs
	Vitamin D supplementation alters the production of both pro- and anti-inflammatory cytokines in MDDCs infected with DENV-2

	Discussion
	References


