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Dengue is the most important mosquito-borne viral infection in humans. Recent evidence suggests that
vitamin D influences virus replication. In this work, the effect of vitamin D treatment on dengue virus
infection in human hepatic Huh-7 cells and on virus infection and cytokine production in the human
monocytic U937 cells was evaluated. Exposure to 10,25-dihydroxy-vitamin D3, resulted in a significant
reduction in the number of infected cells, in conditions where cell viability was not affected. Viral repli-
cation in monocytic cells was more susceptible to vitamin D3 than replication in the hepatic cells. More-
over, vitamin D3 significantly reduced the levels of proinflammatory cytokines (TNF-a, IL-6, IL-12p70 and
IL-1B) produced by infected U937 cells. These results suggest that vitamin D3 may represent a potentially
useful antiviral compound.

© 2012 Elsevier B.V. All rights reserved.

Dengue virus (DENV) is the etiological agent of the most impor-
tant mosquito-borne viral disease in humans. Clinical manifesta-
tions range from asymptomatic and mild manifestations, known
as dengue fever, to the hemorrhagic and more severe forms of
the infection, called dengue hemorrhagic fever and dengue shock
syndrome (Gubler, 2006). Currently, there are no licensed vaccines
or specific antiviral drugs for dengue. For these reasons, the study
of non-vaccine alternatives to prevent dengue disease or to avoid
the severe forms of the infection is relevant (Noble et al., 2010;
Shum et al., 2010).

The 1a,25-dihydroxy-calcitriol, vitamin D3 (VD3), is a biologi-
cally active form of the 7-dihydroxy-cholesterol in the skin and
the 25-dihydroxy-vitamin D in liver and kidney, which has wide-
spread effects on cellular differentiation and proliferation, and im-
mune responsiveness in monocytes/macrophages, dendritic cells
and lymphocytes (Bruce et al., 2010). The use of VD3 has been pro-
posed for the treatment of autoimmune, bacterial and viral infec-
tious diseases (Baeke et al., 2010; Zasloff, 2006). However, the
evidence for the antiviral effects of the VD3 is scarce and the
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mechanism of its antiviral action not fully understood (Beard
et al., 2011). Specifically, for DENV, there is only one study, where
authors demonstrated that administration of oral VD3 reduces the
severity of dengue fever (Sanchez-Valdez et al., 2009). In addition,
resistance to severe dengue was observed in a Vietnamese popula-
tion associated with one particular allele of the vitamin D receptor
(Loke et al., 2002).

VD3 plays a role in the modulation of the innate immune re-
sponse. It has been observed that VD3 treatment results in the
down-regulation of the Toll-like receptors (TLRs) expression in hu-
man monocytes that affects the NF-kB/RelA activation and reduces
the phosphorylation the MAPKs p38 and p42/44 (Sadeghi et al.,
2006). DENV infection of human macrophages is dependent on
the activation of the MAPKs JNK and p38 (Ceballos-Olvera et al.,
2010) and induces the production of pro-inflammatory cytokines.
In this study we evaluated the antiviral activity of VD3.

The human myelomonocytic cell line U937 (ATCC: CRL-1593.2)
was grown in supplemented RPMI 1640 media and differentiated
to macrophages by the addition of phorbol 12-myristate 13-ace-
tate (PMA; Sigma Aldrich), as previously described (Puerta-Guardo
et al., 2010). Cells were used unsorted, since PMA treatment re-
sulted in the differentiation of more than 80% of U937 cells, as
determined by amount of CD14+ cells by flow cytometry (FACS)
assay (data not shown). Huh-7 cells, a differentiated hepatocyte
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derived cellular carcinoma cell line, were kindly donated by Dr.
Ana Maria Rivas from Autonomous University of Nuevo Le6n, Mex-
ico. Cells were grown in advanced DMEM supplemented with
2mM glutamine, penicillin (5 x 10* U/ml)-streptomycin (50 pg/
ml), 5% fetal calf serum, 1 ml/l of amphotericin B (Fungizone) at
37 °C and 5% CO,. Huh-7 cells and U937 cells were used between
passages 13 and 16, and between passages 38 and 41, respectively.
The prototype DENV serotype 4 (DENV-4) H241 strain was propa-
gated in BALB/c suckling mice brains and viral titers were deter-
mined by plaque assay in BHK-21 cells, as described previously
(Mosso et al., 2008).

In order to determine the effect of the active metabolite VD3
(Sigma-Aldrich, St. Louis, MI) in DENV infection, 2 x 10° Huh-7
or U937 cells were treated with VD3 at concentrations ranging
from 10 to 0.001 uM. Up to 48 h later for Huh-7 cells and 72 h
for U937 cells, viability was evaluated by a cytotoxicity assay
(CellTiter 96®AQueous Solution Cell Proliferation Assay, Promega,
Madison, WI). To ensure proper levels of active VD3, cultures were
replenished with the appropriate concentration of VD3 every 24 h.
No significant reduction in cell viability was observed at any of the
concentrations used, suggesting that the treatment conditions are
non-toxic for these cell lines (Supplemental material, Fig. 1). To
confirm the immunomodulatory activity of the VD3 on the cell
lines, the cell surface expression of TLR-2 and -4 (Santa Cruz Bio-
technology, Inc.) was determined by flow cytometry (10,000
events) as previously described by Sadeghi et al. (2006). At a con-
centration of 1 uM of VD3, a significant reduction of the amounts
of TLR-2 and TLR-4, on the cell surface of both Huh-7 and U937
cells was observed (Table 1).

For the viral infection inhibition assays, two different protocols
were used. In the first one, cells grown in 24 well plates were trea-
ted with different concentrations of VD3 for 24 h, infected with
DENV-4 for 1h at 37°C, and subsequently treated again with
VD3 until harvest time. In the second protocol, the 24-h pretreat-
ment of the cells was omitted. After infection, cell cultures were
washed with Hanks and incubated with storage media containing
the different concentrations of VD3. Finally, at 72 h post-infection
for U937 cells and 48 h post-infection for Huh-7 cells, the percent-
age of infected cells was determined by flow cytometry (10,000
events) using an antibody against the envelope protein (anti E,
4G2) and an anti-IgG FITC conjugated (Invitrogen) as described be-
fore (Puerta-Guardo et al., 2010).

A significant reduction in the percentage of infected Huh-7 and
U937 cells was observed at 48 or 72 h post-infection, respectively
(Fig. 1). Although the decrease in the number of infected cells was
not dose-dependent, a correlation between VD3 dose and infection
inhibition in both cell lines was observed, with the highest inhibi-
tion observed in cells exposed to the highest concentration of VD3
used (10 uM) (Fig. 1A and B). The inhibitory effect of VD3 on viral
infection was considerably stronger in the macrophage-like than in

Table 1
TLR (-2 and -4) expression dependent of VD3 treatment in U937 and Huh-7 cells.

Cell type % reduction in Significance analysis (one way
TLR expression ANOVA)
(mean + SD)?
U937 TLR 15.6+2.1 p <0.001
(macrophage) -2
TLR 10.9+5.8 p=0.001
-4
Huh7 TLR 14.0+3.0 p=0.001
(hepatocyte) -2
TLR 94 +3.7 p=0.001
-4

¢ Data represent % reduction obtained with 1 uM of VD3. n = 3. Non-treated cells
were taken as control (100%).
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Fig. 1. Effect of VD3-treatment in DENV-4 infection of cultured cells. (A) Huh-7 and
(B) U937 cells were treated with different concentrations of VD3 (uM) after
infection (black bars) or before and after infection (grey bars) and the percentage of
infected cells was evaluated after 48 and 72 h post-infection respectively by flow
cytometry (10,000 events) using an anti-E (4G2) as primary antibody and an anti-
mouse antibody coupled to FITC. Pretreatment was carried out for 24 h while
treatment after infection was continuous until harvest time. Differences between
the diverse VD3 treatments and control groups were evaluated using the statistical
program Sigma-Plot 11. In all cases, a one tailed analysis of variance (ANOVA) was
performed. For all tests a p < 0.05 was considered significant. Each bar represents
mean * SD of three independent experiments. Non-treated cells (0 pM) were used
as 100% of infection. **p < 0.05.

the hepatic cells. Significant inhibition (p < 0.05) in DENV replica-
tion in U937 cells was already observed at 0.01 uM, while in
Huh-7 cells a significant reduction (p=0.01) was achieved only
at a concentration of 1 pM. Unexpectedly, a significant increase
(p=0.05) in DENV Huh-7 infected cells was observed at the lowest
VD3 concentration (0.001 uM) used. The reason for this increase is
unclear but the ability of Huh-7 cells to both, metabolize and re-
spond to vitamin D, may be responsible for this dose-dependent
response (Gal-Tanamy et al., 2011). Finally, no significant differ-
ences were observed in the percentage of infected U937 or Huh-
7 cells treated before and after infection, or only after infection.
To further evaluate the effect of VD3 on DENV replication, virus
yield was determined in VD3-treated cells. The extracellular virus
production from infected Huh-7 cells supernatants were deter-
mined by the standard plaque assay in BHK-21 cells (Mosso
et al., 2008). Since cytokines present in supernatants of U937 cells
interfere with standard plaque assays, virus yield determination in
U937 cells was performed by the gRT-PCR assay. For viral amplifi-
cation, a TagMan CFX96 system assay (Bio-Rad Laboratories) was
used as described by Johnson et al. (2005). The amount of viral
RNA transcripts was calculated by generating a standard curve
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from 10-fold dilutions of RNA isolated from a DENV-4 preparation
titrated in BHK-21 cells and expressed as plaque forming units
equivalents per milliliter (PFU equivalents/ml) (Callahan et al.,
2001; Johnson et al., 2005).

VD3 treatment induced up to 65% reduction in viral yield in
Huh-7 cells (Fig. 2A) and up to 2logs reduction in U937 cells
(Fig. 2B), with a clear dose-dependent effect observed for U937
cells. These results confirm the inhibitory effect of VD3 on viral
infection observed by flow cytometry. A stronger inhibitory effect
of VD3 was observed in macrophage-like than in the hepatic cells.

To determine the effect of VD3 treatment on the production of
cytokines secreted from infected U937 cells, cells were treated
with 1.0 uM of VD3 both before and after infection, or only after
infection. Mock-infected cells treated or not with VD3 were in-
cluded as controls. Cytokines in cell supernatants were determined
using a CBA-based system array (FlowCytomix Human Th1/Th2
11plex kit, Bender Medsystems®) following the Manufacturefs
instructions. Secreted cytokines were quantified from a standard
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Fig. 2. Effect of VD3-treatment in virus yield of DENV-4 infected cells. (A) Huh-7
and (B) U937 cultures were treated with different concentrations of VD3 (uM) after
infection (light grey bars) or before and after infection (dark grey bars) during 48 or
72 h post-infection, respectively. Supernatants were removed and extracellular
virus production was determined by plaque assay for Huh-7 and by a Singleplex
Real-Time RT-PCR (TagMan) Assay for U937 cells. Differences between the diverse
VD3 treatments and control groups were evaluated using the statistical program
Sigma-Plot 11. In all cases, a one tailed analysis of variance (ANOVA) was
performed. For all tests a p < 0.05 was considered significant. Each bar represents
the main # SD of two independent experiments. *p < 0.05. VD3 Bi, treatment with
VD3 24 h before DENV-infection; VD3 Ai, treatment with VD3 for after DENV
infection.

curve by using FlowCytomix Pro software (Bender Medsystems®).
Sensitivity for tumor necrosis factor-o (TNF-a1) and the interleu-
kins: -1 beta (IL-1B), -6 (IL-6), -8 (IL-8), -10 (IL-10) and -12p70
(IL-12p70) are 3.2, 4.2, 1.2, 0.5, 1.9 and 1.5 pg/ml respectively. In
agreement with previous reports (Carr et al.,, 2003; Lin et al.,
2002), a significant increase (p <0.05) in the production of TNF-
o, IL-6, IL-12p70 and IL-1beta was observed in DENV-infected
U937 cells in comparison with control, mock-infected cells
(Fig. 3). However, in infected cells treated with VD3, the expression
levels of these cytokines were significantly reduced (p < 0.05) and
reached control levels (Fig. 3). In addition, the effect of VD3 treat-
ment only after infection on cytokine production was also tested. A
significant (p < 0.05) reduction in the production of cytokines TNF-
a, IL-6, IL-12p70 and IL-1B was observed in treated cells in relation
to non-treated cells, albeit the reduction in cytokine production in
the cells treated with VD3 only after infection was less marked
than the reduction observed in cells treated before and after infec-
tion (Fig. 3). Finally, no differences in the synthesis of IL-10 and IL-
8 between infected cells treated or not with regard to control cells
were found.

Novel evidence suggests that VD3 plays a major role regulating
the immune system (Baeke et al., 2010). These findings prompted
further studies about the role of VD3 in the modulation of bacterial
and viral infections (Cannell et al., 2008; Bang et al., 2010; Beard
et al.,, 2011; Gal-Tanamy et al., 2011). Herein, it is shown that treat-
ment with VD3 of two human cell lines, macrophages (U937) and
hepatocytes (Huh-7) inhibits DENV infection in vitro. The inhibi-
tory effect of the VD3 treatment was dependent on the cell line,
with inhibition being stronger in monocytes than in hepatocytes.
The mechanisms involved in the inhibition of the DENV infection
by VD3 treatment are unclear, mainly due to the many different
activities and functions described for VD3. Recent studies have
proposed the induction of some anti-microbial peptides associated
with TLRs and the synthesis of human B defensin 2 as a probable
anti-viral mechanism modestly up-regulated in monocytes after
VD3 treatment (Liu et al., 2006). Alternatively, a significant reduc-
tion in the expression of TLRs, as well as a decrease in NFxB-acti-
vation and the p38 and p42/44 phosphorylation have also been
reported as a consequence of the immunoregulatory activity of
VD3 (Sadeghi et al., 2006). In this study, variable modulation in
the expression of TLR-2 and TLR-4 after treatment with a 1 uM
VD3 concentration was observed. In addition, the activation of
the host cell signaling pathways, including the MAPKs p38 and
JNK at early stages of DENV infection, is necessary for efficient rep-
lication in human isolated monocytes (Ceballos-Olvera et al.,
2010). Thus, it is likely that VD3 would inhibit DENV infection by
interfering with the activation of several host cell signaling path-
ways reported previously to be important for DENV replication.

Plasma leakage and massive hemorrhagic manifestations are
hallmarks for the severe manifestations of dengue disease (DHF/
DSS) (Green and Rothman, 2006). These have been linked in clinical
and in vitro studies to the elevated secretion of several pro-inflam-
matory mediators by infected dendritic cells and macrophages
(Chaturvedi et al., 2000). In accord with this notion, increased level
of proinflammatory cytokines were observed in U937 cells infected
with DENV with respect to mock-infected cells (Ubol et al., 2008;
Bozza et al., 2008; Chaturvedi et al., 1999). Interestingly, an impor-
tant reduction in the concentrations of the proinflammatory cyto-
kines TNF-q, IL-1B, IL-6 and IL-12p70 was observed when DENV
infected cultures were previously (VDBi) and subsequently (VDAIi)
treated with VD3. These results agree with previous reports show-
ing VD3 inhibition of cytokine production in monocytes, human
trophoblasts and macrophages (Sadeghi et al., 2006; Lemire et al.,
1995; Almerighi et al., 2009; D’Ambrosio et al., 1998).

Different levels of inhibition were observed for TNF-o and IL-6,
but not for IL-12p70 or IL-1B, depending on the VD3 treatment
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Fig. 3. Cytokine production in VD3-treated and untreated DENV infected U937 cells. Supernatants from U937 cultures previously treated or not with VD3 (1 pM) and infected
with DENV-4, were removed at 48 h post infection and cytokine quantification carried out using a CBA assay. Differences between cytokine production levels were evaluated
using the statistical program Sigma-Plot 11. In all cases, a one tailed analysis of variance (ANOVA) was performed. For all tests p < 0.05 was considered significant. Each bar
represents the mean + SD of two independent experiments. **p < 0.05. VD3 Bi, treatment with VD3 24 h before DENV-infection; VD3 Ai, treatment with VD3 for 48 h after

DENV infection.

conditions used. In addition, levels of IL-12p70 were non-detect-
able in supernatants obtained from infected cultures treated with
VD3, while measurable levels of this cytokine were observed in
cultures of non-infected, treated cells. In activated macrophages,
the expression of several cytokines, including TNF-a and IL-6, is
predominantly dependent on the activation of the Nuclear Factor
kappa-B (NFx-B), a pathway known to be modulated by VD3
(Sadeghi et al., 2006; Cohen-Lahav et al.,, 2006; Li and Verma,
2002). In contrast, distinct regulatory pathways (i.e. MAPKs and
STATs), control the induction of IL-1p and IL-12p70 (O’Neill,

2002; Watford et al., 2003). Variations in the pathways inducing
the expression of the studied cytokines may be related, at least
partially, to the differences observed in response to VD3 treatment.

Increased levels of several vasoactive factors such as tumor
growth factor alpha (TGF)-oo (Chaturvedi et al., 2000), tumor
growth factor (TGF)-B (Agarwal et al, 1999), IL-8 (Raghupathy
et al.,, 1998), IL-6 (Juffrie et al., 2001), IL-10 (Gagnon et al., 2002),
IL-1B8 (Bozza et al., 2008) and others, have been reported in the
bloodstream of patients with DHF. Recently, increased expression
of proinflammatory cytokines, such as TNF-o, was observed in
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human dendritic cells infected with a DENV isolated from a fatal
case as compared with an isolate from a mild clinical case (Silveira
et al.,, 2011). Our results demonstrate a differential modulation in
the cytokines produced by infected U937 cells cultures treated
with VD3 (1 uM) with respect to the mock-untreated DENV in-
fected cells, especially in the concentration of some well-known
pro-inflammatory cytokines such as TNF-a, IL-6, IL-12p70 and IL-
1B (Green et al., 1999; Cardier et al., 2005; Carr et al., 2003). Thus,
our results taken together, suggest that the utility of VD3 treat-
ment for therapeutic or prophylactic interventions at some stage
in DENV infection merits to be evaluated.
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