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Precursor Forms of Vitamin D Reduce HIV-1
Infection In Vitro

Wbeimar Aguilar-Jimenez, Biol, MSc,* Simon Villegas-Ospina, Biol,* Sandra Gonzalez, Bact, MSc,*
Wildeman Zapata, Bact, MSc, PhD,*J Irma Saulle, PhD,} Micaela Garziano, PhD,} Mara Biasin, PhD, }
Mario Clerici, PhD,§|| and Maria T. Rugeles, MSc, PhD*

Background: Although the anti-HIV-1 effects of vitamin D (VitD)
have been reported, mechanisms behind such protection remain
largely unexplored.

Methods: The effects of two precursor forms (cholecalciferol/
calciol at 0.01, 1 and 100 nM and calcidiol at 100 and 250 nM) on
HIV-1 infection, immune activation, and gene expression were
analyzed in vitro in cells of Colombian and Italian healthy donors.
We quantified levels of released p24 by enzyme-linked immunosor-
bent assay, of intracellular p24 and cell-surface expression of CD38
and HLA-DR by flow cytometry, and mRNA expression of antiviral
and immunoregulatory genes by real-time reverse transcription-
polymerase chain reaction.

Received for publication March 31, 2016; accepted July 29, 2016.

From the *Grupo Inmunovirologia, Facultad de Medicina, Universidad de
Antioquia UdeA, Medellin, Colombia; TGrupo Infettare, Facultad de
Medicina, Universidad Cooperativa de Colombia, Medellin, Colombia;
iDipartimento di Scienze Biomediche e Cliniche- L. Sacco, Universita
Degli Studi di Milano, Milan, Italy; §Dipartimento di Fisiopatologia
Medico-Chirurgica e dei Trapianti, Universita degli Studi di Milano,
Milan, Italy; and ||Fondazione Don C. Gnocchi IRCCS, Milan, Italy.

Supported by Colciencias (code 111565740508), by the Universidad de
Antioquia (Sostenibilidad and CODI, act 2014-938), and by the
Universidad Cooperativa de Colombia (Sostenibilidad 2015-2016, Grupo
Infettare). W.A.-J. is recipient of a doctoral scholarship from Colciencias.
The funders had no role in study design, data collection and analyses,
decision to publish, or preparation of the manuscript.

Preliminary results were presented in an international congress: Villegas-
Ospina S, Aguilar-Jiménez W, Gonzalez SM, et al. Vitamin D reduces
HIV-1 infection of CD4" T cells in an in vitro model. Front Immunol.
2015. Conference Abstract: IMMUNOCOLOMBIA2015—11th Con-
gress of the Latin American Association of Immunology—100. Congreso
de la Asociacion Colombiana de Alergia, Asma e Inmunologia. doi:
10.3389/conf.fimmu.2015.05.00311.

The authors have no conflicts of interest to disclose.

W.A.-J. and S.V.-O. contributed equally to this study. W.A.-J.,, M.T.R., and
M.B. conceived and designed the study. W.A.-J. and S.V.-O. performed
the experiments, analyzed the data, and drafted the manuscript. I.S., M.G.,
and M.B. assisted with the experiments. S.G., W.Z., and M.T.R. assisted
with interpretation of the results and manuscript writing. M.C. and M.B.
contributed with reagent/material/analysis tools. M.B., M.C., and M.T.R.
guided and reviewed the research and writing of the manuscript. All
authors approved the final version of the manuscript.

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF
versions of this article on the journal’s Web site (www.jaids.com).

Correspondence to: Maria T. Rugeles, MSc, PhD, Grupo Inmunovirologia,
Facultad de Medicina, Universidad de Antioquia UdeA, Calle 70 No. 52-
21, Medellin 050010, Colombia (e-mail: maria.rugeles@udea.edu.co).

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

J Acquir Immune Defic Syndr ® Volume 73, Number 5, December 15, 2016

Results: Cholecalciferol decreased the frequency of HIV-1-infected
p24*CD4* T cells and levels of p24 in supernatants in a dose-
dependent manner. Moreover, the CD4"CD38'HLA-DR* and
CD4*CD38 HLA-DR* subpopulations were more susceptible to
infection but displayed the greatest cholecalciferol-induced de-
creases in infection rate by an X4-tropic strain. Likewise, cholecal-
ciferol at its highest concentration decreased the frequency of
CD38"HLA-DR* but not of CD38*HLA-DR" T-cell subsets.
Analyzing the effects of calcidiol, the main VitD source for immune
cells and an R5-tropic strain as the most frequently transmitted virus,
a reduction in HIV-1 productive infection was also observed. In
addition, an increase in mRNA expression of APOBEC3G and PI3
and a reduction of TRIM22 and CCR5 expression, this latter
positively correlated with p24 levels, was noted.

Conclusions: VitD reduces HIV-1 infection in T cells possibly by
inducing antiviral gene expression, reducing the viral co-receptor
CCRS and, at least at the highest cholecalciferol concentration, by
promoting an HIV-1-restrictive CD38"HLA-DR ™ immunophenotype.

Key Words: HIV-1, vitamin D, immune activation, T lymphocytes,
CD38, HLA-DR, infection susceptibility
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INTRODUCTION

Chronic immune activation and massive depletion of
CD4" T cells are the hallmarks of HIV-1 infection, leading to
AIDS.! Consequently, low basal immune activation® and high
expression of anti-HIV-1 molecules®* seem to act as key
HIV-1 resistance mechanisms by reducing the susceptibility
of target cells while restricting viral infectivity. Interestingly,
vitamin D (VitD) is an immunoregulatory element™® that
could induce these HIV-1 protective effects as elicited in
other viral infections.”® Indeed, immune cells possess the
metabolic machinery including the cytochrome (CY) P450
hydroxylases and the VitD receptor (VDR), allowing VitD
conversion from cholecalciferol (VitD3) into calcidiol
(25[OH]D3) and then into calcitriol (1,25-[OH],D3), the
metabolically active form.> Once calcitriol interacts to VDR,
the complex binds to VitD response elements (VDREs)
located in a large number of genes, either inducing or
repressing their expression. Indeed, the calcitriol/ VDR com-
plex can block NF-kB signaling and promote regulatory
T cells and interleukin-10 (IL-10) secretion® " while inducing
the production of antimicrobial peptides.'*!'?
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Supporting its protective role during HIV-1 exposure,
we found higher plasma calcidiol levels and higher VDR
mRNA expression in the blood and mucosa of HIV-1-
exposed uninfected individuals than of healthy controls'*; in
addition, VDR mRNA expression was positively correlated
with expression of the anti-inflammatory cytokine IL-10 and
the antimicrobial defensins.'* Moreover, in vivo supplemen-
tation with cholecalciferol increases the frequency of
antigen-specific T cells expressing HIV-1-blocking chemo-
kines, raises peripheral lymphocyte counts, and reduces
productive infection.'>!”

However, studies evaluating the effect of VitD on HIV-
1 infection in vitro have yielded contrasting results,'” ' most
likely due to variations in the experimental design. Further-
more, the potential effects of VitD on the T-cell activation
status or its ability to induce well-recognized anti-HIV-1
molecules have so far not been explored. Therefore, we
examined the anti-HIV-1 effects of cholecalciferol and
calcidiol in an in vitro model of acute infection of peripheral
blood mononuclear cells (PBMCs). We also determined the
effects of cholecalciferol on the CD4* T-cell infection rate as
well as on the expression of the CD38 and Human Leukocyte
Antigen—antigen D Related (HLA-DR) activation markers
and of calcidiol on the mRNA expression of immunoregula-
tory and antiviral molecules.

METHODS

Study Population

PBMCs from 12 healthy donors from Medellin,
Colombia, were separated through a blood density gradient
using the Histopaque reagent (Sigma-Aldrich, St Louis, MO)
and used to analyze the effects of cholecalciferol on HIV-1
infection and immune activation. Likewise, PBMCs from 27
healthy donors recruited in Milan, Italy, were used to study
the effects of calcidiol on HIV-1 infection and gene
expression. Since not all methods were applied to all samples,
the number of samples included in each analysis is provided
in the corresponding figure legends.

The study was performed according to the Helsinki
declaration (1975, revised in 2000) and was approved by
the bioethics boards of both research facilities. All
subjects provided written informed consent to participate
in this study.

VitD Treatments

Cholecalciferol (Enzo Life Sciences, Farmingdale, NY)
and calcidiol (Sigma-Aldrich) were dissolved in absolute EtOH.
Three concentrations of cholecalciferol were evaluated
[10-1" M (0.01 nM), 100° M (1 nM), and 1077 M
(100 nM)], including 100 nM that has been previously reported
in cell cultures.

Calcidiol was evaluated at 250 M (100 ng/mL) and in
some assays at 100 M (40 ng/mL), both of them within the
physiological range (32—100 ng/mL).**> EtOH 0.1% or 0.01%
v/v was used as vehicle control for the cholecalciferol and
calcidiol treatments, respectively.
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HIV-1 Infection Assays

The PBMCs from the Colombian subjects were cul-
tured for 24 hours in RPMI 1640 medium (Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum
(Gibco) and cholecalciferol at the concentrations mentioned
above, or 0.1% vol/vol EtOH as vehicle control. Proliferation
of PBMCs was induced with 8 pg/mL phytohemagglutinin
(PHA) and 100 IU/pL IL-2 (Sigma-Aldrich) for 72 hours. Per
treatment, 1.6 X10°® PBMCs were infected with 6.5 ng of X4-
tropic HIV-1 p24 [obtained from supernatants of the cell line
H9-HTLV-IIIB (ATCC-CRL-8543)], in medium supple-
mented with the respective cholecalciferol treatments or
EtOH along with 10 pg/mL polybrene (Sigma-Aldrich) for
3 hours, following the protocol reported by O’Doherty et al.?*
After washing, the cells were taken back to their respective
cholecalciferol- or EtOH-supplemented medium, with chole-
calciferol replenishment after 48 hours. The cells were
harvested 72 hours postinfection for flow cytometry analyses
and the supernatants collected for p24 quantification by
enzyme-linked immunosorbent assay (ELISA) using the
“Lentivirus-associated p24” ELISA kit (Cell Biolabs,
San Diego, CA).

Similarly, PBMCs from the Italian subjects were
cultured for 24 hours with calcidiol at the concentrations
mentioned above or EtOH 0.01%. After 48-hour activation
with 7.5 pg/mL PHA and 15 ng/mL IL-2, 2 x 10° activated
PBMCs per well were infected with 1 ng of R5-tropic HIV-1
p24 (HIV-1g, | courtesy of the National Institutes of Health
AIDS Reagent Program®) in medium supplemented with
calcidiol or EtOH for 3 hours, as previously described.?
Subsequently, the cells were washed and cultured in calcidiol-
or EtOH-supplemented medium, with calcidiol replenishment
every 48 hours. Some cells were harvested immediately
before and others 20 hours postinfection and kept at —80°C
in Isol-RNA lysis reagent (5 PRIME, Hilden, Germany) until
RNA extraction; after 5 days, supernatants were collected for
p24 quantification using the ELISA Kit XB-1000 (XpressBio,
Frederick, MD).

Cultures, one per donor, for both calcidiol and chole-
calciferol treatments were incubated at 37°C and 5% CO,.

Flow Cytometry to Test Cholecalciferol Effects
on Cell Activation and Infection Rate in
Colombian Individuals

Expression of activation markers and frequency of
infected cells were determined by flow cytometry after the
HIV-1 infection assays performed in the Colombian samples.
For each treatment, cell viability was tested by 7-AAD/DIOC6
(eBioscience, Santa Clara, CA) staining. After washing, the
cells were stained with anti-CD3 APC, anti-CD4 eFluor-405,
anti-CD8 PE-Cy7, anti-HLA-DR FITC, and anti-CD38 Alex-
aFluor-700 (eBioscience). The cells were washed and fixed
using the “Foxp3 staining kit” (eBioscience), and intracellular
staining with anti-p24 PE (Beckman-Coulter, Brea, CA) was
performed. Lectures of 1.5 x 10° events per tube were
performed on a FACSCanto II flow cytometer, and analysis
was performed using the FACSDiva v.8.0.1 software. Gating
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strategy is shown in Figure S1, Supplemental Digital Content,
http://links.lww.com/QAI/A877.

Real-Time Reverse Transcription-Polymerase
Chain Reaction to Test Calcidiol Effects on
Gene Expression in Italian Subjects

A total of 21 genes, belonging to the VitD pathway
(CYP27B1, CYP24Al1, and VDR), antiviral response
(APOBEC3G, SLPI, PI3, TRIM22, RNASE4, ANG, CAMP,
CH25H, and MX2), and immunoregulators (IL10, HAVCR2,
FOXP3, NFKBIA, ERAP2, TNFA, IFNG, and TLR2) and the
viral co-receptor CCRS were selected for gene expression assays
for their relevance in the context of HIV-1 infection (reviewed in
Zapata et al,* Aguilar-Jiménez et al,'* Merindol and Berthoux,?
Biasin et al?”’ Kajaste-Rudnitski et al,*® Bedoya et al,* and
Aguilar-Jimenez et al*’). RNA was extracted with the Isol-RNA
lysis reagent (5 PRIME) from calcidiol- or EtOH-treated PBMCs
of the Italian individuals pre- (n = 14 in each group) or
postinfection (n = 27 in each group). RNA from calcidiol- or
EtOH-treated PBMCs, stimulated with lipopolysaccharide (LPS)
for 12 hours (1 pg/mL, n = 6 in each group) were also analyzed
as positive controls of mRNA expression of calcidiol-to-calcitriol
converting 1a-hydroxylase (CYP27B1).*'* Following DNAse I
treatment (Promega, Madison, WI), RNAs were retrotranscribed
using the Moloney murine leukemia virus retrotranscriptase
(Promega, Fitchburg, WI), and reverse transcriptase negative
controls were performed to rule out contamination with genomic
DNA in PCR amplifications. Real-time reverse transcription-
polymerase chain reactions were performed using the iTaq
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA)
(genes and primers are detailed in Table S1, Supplemental
Digital Content, http:/links.lww.com/QAI/A876), running melt-
ing curves to ensure specific amplification. The results are
presented as the median of the relative expression units to the
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) and
hypoxanthine-guanine phosphoribosyltransferase (HPRT) refer-
ence genes calculated by the ACt method using CFX manager
3.1 (Bio-Rad). Samples that did not amplify in the real-time
reverse transcription-polymerase chain reaction were excluded
from the analysis of the respective gene; thus, the number of
samples is detailed in the corresponding figure legends.

Statistical Analysis

Data were analyzed on the GraphPad Prism v.6.05
software. Normality was tested by the Shapiro—Wilk test, and
pairwise differences between treatments were tested by the
paired ¢ test or Wilcoxon test. One-way analysis of variance
(with Geisser-Greenhouse sphericity correction and post-hoc
Bonferroni’s multiple comparisons) or Friedman (with
Dunn’s multiple comparisons) tests were used to compare
differences between the VitD treatments and the vehicle
control. Correlations between VDR mRNA and transcript
levels of the molecules analyzed were evaluated using the
Spearman coefficient rank (r). Two-tailed hypotheses were
considered, and a corrected P-value <<0.05 was considered
statistically significant. The results are presented as mean with
95% confidence interval or median with interquartile range.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

The statistical power in each analysis was calculated using
PASS 14 Power Analysis and Sample Size Software, 2015
(NCSS, LLC, Kaysville, UT, www.ncss.com/software/pass).
The open-access database of transcription factor binding
profiles (http://jaspar.genereg.net/cgi-bin/jaspar_db.pl) was
used to find putative VDRE sequences in the genes poten-
tially modulated by VitD in gene expression analysis.

RESULTS

Cholecalciferol Decreases the Percentage of
Infected Cells and p24 Levels

We first tested if cholecalciferol (the most consumed
form of VitD, and endogenously synthesized) treatment
modifies HIV-1 infection by an X4 strain in cells from
healthy Colombian individuals. For all cholecalciferol doses
tested, cell viability was >75% and the loss of mitochondrial
potential was <1.5% (Fig. S2A, Supplemental Digital
Content, http:/links.lww.com/QAI/A878). Cholecalciferol
decreased by 9.8% at 107° M and by 23.7% at 10~7 M the
percentage of CD4'p24* infected cells compared with the
EtOH controls (P = 0.0681 and P = 0.0233, respectively; Figs.
1A, B). There was also a 10.5% reduction in the p24-PE mean
fluorescence intensity at 10~7 M treatment compared with
EtOH (P = 0.0216; Fig. S2B, Supplemental Digital Content,
http://links.lww.com/QAI/A878). Furthermore, cholecalciferol
significantly decreased the concentration of p24 released into
the supernatants in a dose-dependent manner compared with the
EtOH controls (47.38% at 10~ M, P = 0.0006; 56.8% at 10~°
M, P = 0.0008; and 63.0% at 10~7 M, P = 0.0005; Fig. 1C).

Cholecalciferol modulates HLA-DR and CD38
expression in CD4*, CD8* and in CD4*p24+
T cells

The differential expression of the activation markers CD38
and HLA-DR leads to specific phenotypes in CD4" and CD8* T
cells, modulating their function and susceptibility to infection.****
Thus, we examined whether the cholecalciferol-induced decrease
in viral production and infection was associated with changes in
the expression of CD38 and HLA-DR molecules.

In CD4* T cells, a significant reduction in the frequency
of the CD38 HLA-DR™ (30.4%, P = 0.0001) and
CD38 HLA-DR* (52.6%, P < 0.0001) subpopulations was
observed at the 1077 M treatment when compared with EtOH
control. In addition, there was an increase in the frequency of
the CD38*HLA-DR™~ subpopulation at 10=7 M treatment
compared with EtOH control (18.1%, P = 0.0002), whereas
the CD38"HLA-DR" subset showed no significant changes
after cholecalciferol treatment (Fig. 2A).

In CD8" T cells, cholecalciferol treatment did not
modify the frequencies of the CD38"HLA-DR* or the
CD38 HLA-DR™ subpopulations, whereas it reduced the
CD38 HLA-DR" subset at the 10~7 M treatment compared
with the EtOH control (50.5%, P = 0.0531). In addition, there
was an increase in the frequency of the CD38*HLA-DR™
subpopulation at the 10~7 M compared with the EtOH control
(27.4%, P = 0.0285) (Fig. 2B).
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We further explored the frequency of these subsets
within the infected CD4*p24™ T cells. Similar to the total
CD4" population, none of the cholecalciferol concentrations
modified the CD38*HLA-DR™ subpopulation. Furthermore,
there was a reduction in the CD38"HLA-DR™ (53.2%, P =
0.0015) and CD38 HLA-DR* (73.2%, P = 0.0008)
subpopulations, and an increase in the CD38*HLA-DR™
subpopulation (39.6%, P = 0.0047) (Fig. 2C), at the 1077 M
treatment compared with the EtOH controls.

Cholecalciferol Decreases Infection in
More- and in Less-Susceptible CD4*
T-Cell Subpopulations

We then examined the susceptibility to infection in
the CD4* subpopulations analyzing the percentage of infected
cells under EtOH treatment and found that CD4*CD38*HLA-
DR* and CD4"CD38 HLA-DR™ had higher infection rates
than CD4*CD38 HLA-DR~ (4.5-fold, P = 0.0002 and 2.9-
fold, P = 0.0160, respectively; Fig. 3A). Furthermore, the
CD4"CD38"HLA-DR* subpopulation had higher levels of
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intracellular p24 that were 26.5% and 25.0% brighter than
CD4"CD38 HLA-DR~ and CD4"CD38 HLA-DR* (P =
0.0009 and P = 0.0054, respectively; Fig. SIC, Supplemental
Digital Content, http:/links.lww.com/QAI/A877). Moreover,
when compared with the EtOH controls, cholecalciferol
decreased the percentage of infected CD4*CD38"HLA-DR*
cells in a dose-dependent manner (10.3% at 107°M, P =
0.0342 and 38.9% at 10~7 M, P = 0.0047) and decreased by
70.8% the percentage of infection in the CD4*CD38 HLA-
DR T-cell subpopulation at the 10~7 M compared with the
EtOH control (P = 0.0272) (Fig. 3B). Finally, cholecalciferol
at 1077 M also decreased the mean fluorescence intensity of
intracellular p24 in the CD4"CD38*HLA-DR" (8.6%, P =
0.0531) and CD4*CD38 HLA-DR* (43.4%, P = 0.0109)
subpopulations (Fig. S1D, Supplemental Digital Content,
http://links.lww.com/QAI/A877).

Calcidiol Reduces Productive HIV-1 Infection
Once we had found that cholecalciferol had anti-HIV-1
activity, we evaluated the anti-HIV-1 activity of calcidiol, the

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. High concentrations of
cholecalciferol modulate the fre-
quency of HLA-DR- and CD38-ex-
pressing T cells. We explored the
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main source of VitD for immune cells,>*? and using an RS-
tropic strain, as the most frequently transmitted virus.*® These
experiments were performed in PBMCs from an independent
population from Italy trying to replicate our results in
a demographically different population.

We found that calcidiol at physiological concentrations
of 100 ng/mL (250 nM) and 40 ng/mL (100 nM) decreased by
27.4% (P =0.0025) and 47.0% (P = 0.0189), respectively, the
levels of the viral p24 protein in supernatants when compared
with the EtOH controls (Figs. 4A, B).

Calcidiol Modulates mRNA Expression of
Genes Involved in the VitD and
Antiviral Pathways

The mRNA expression level of 3 genes (VDR,
CYP27B1, and CYP24A41) involved in the VitD pathway
was investigated. No differences in CYP27B1 mRNA expres-
sion were observed between EtOH and calcidiol treatments
either pre- or postinfection, or in the LPS control; however,
the CYP27B1 mRNA levels preinfection (mean * SD relative
expression units: 0.142 * 0.069) were similar to those
produced by LPS control stimulus (0.166 = 0.053)

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

(Fig. 4C). In addition, calcidiol increased by 17.2% the
VDR mRNA expression level postinfection compared with
the EtOH treatment (P = 0.0135; Fig. 4D). Although no
significant differences in the CYP244] mRNA expression
levels were detected between calcidiol- and EtOH-treated
PBMCs (data not shown), the mRNA levels of VDR were
positively correlated with those of CYP24A41 in the calcidiol-
treated cells postinfection (r = 0.42, P = 0.0347; Fig. 4E).

We subsequently quantified the mRNA expression level
of the viral co-receptor CCRS and of several genes involved in
immunoregulation and in the antiviral response (see Materials
and Methods and Table S1, Supplemental Digital Content,
http:/links.Ilww.com/QAI/A876), aiming to identify the asso-
ciation with the anti-HIV-1 effect of calcidiol.

The reduction in HIV-1 infection by calcidiol was
associated with 9.3% reduction of CCR5 mRNA expression
postinfection (P = 0.0079; Fig. 5A) that in turn positively
correlated with p24 levels 5 days postinfection (r = 0.54, P =
0.0219; Fig. 5B). Furthermore, reduction in infection was also
associated with 29.5% increase of PI3 mRNA (which encodes
elafin) postinfection (P = 0.0199; Fig. 5C) and with 24.1%
increase of APOBEC3G mRNA level preinfection followed by
12.0% reduction postinfection (P = 0.0309 and P = 0.04351,
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respectively; Fig. 5D). A 9.2% reduction of TRIM22 mRNA
expression level postinfection was also observed (P = 0.0061;
Fig. 5E). In addition, in calcidiol-treated PBMCs 20 hours
postinfection, the mRNA of VDR was positively correlated
with the mRNA of PI3 (r = 0.71, P = 0.0004; Fig. 5F), of
APOBEC3G (r=0.47, P =0.0142; Fig. 5G), and of ANG (that
encodes angiogenin) (r = 0.68, P < 0.0001; Fig. 5H).
Additionally, almost all genes modulated by calcidiol, exclud-
ing only PI3, display putative VDREs in their promoter
sequences, irrespective of whether their gene expression was
promoted or inhibited.

DISCUSSION

VitD is a key immunoregulatory element™® that could
play an important role during exposure to HIV-1 and/or
infection as proposed in other viral infections.”®

Remarkably, we observed that two precursor forms of
VitD, even at physiological concentrations, act as protecting
factors on exposure to the RS and X4 HIV-1 strains by
reducing the infection of CD4" T cells and viral replication in
PBMC:s of individuals with different genetic backgrounds. Our
findings are supported by previous evidence showing that oral
supplementation with VitD in different cohorts worldwide
reduces the risk of infection and possibly disease progression,
becoming a simple, cost-effective intervention, especially in
resource-poor settings.'>™"”

When we analyzed the activation phenotype according to
HLA-DR and CD38 expression, the CD4"CD38"HLA-DR*
and CD4"CD38 HLA-DR" T cells were preferentially
infected compared with CD4"CD38'HLA-DR~ and
CD4"CD38 HLA-DR™ T cells (Fig. 3A), confirming a higher
susceptibility of these subsets to HIV-1 infection as previously
reported.>>*” HLA-DR expression, associated with increased
proliferative rates***® and the sizable CCR5 and CXCR4
expression on the first 2 subpopulations might account for
their higher viral permissiveness.®® Strikingly, the more
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susceptible CD4"CD38*HLA-DR* and CD4*CD38 HLA-
DR* T-cell subsets displayed a greater decrease in the infection
rate in response to cholecalciferol (Fig. 3B).

Furthermore, cholecalciferol at the highest, but most
commonly used concentration decreased the frequency of the
CD38 HLA-DRY, while increasing the CD38"HLA-DR ™~ sub-
populations in both CD4* and CD8" T cells (Fig. 2). However,
the proportion of highly activated CD38"HLA-DR* CD4* and
CDS8" T cells®*"° was not affected by cholecalciferol.
Therefore, this VitD precursor seems to downregulate HLA-
DR expression on T cells, thus probably decreasing infection
through a reduction of HLA-DR' proliferative cells.**"!
Besides, cholecalciferol upregulates CD38 expression on
T cells, a marker associated with better functional capabilities,**
IL-2 and IFN-y production,® degranulation of cytotoxic cells,*
and suppressive capacities in T- and B-regulatory cells,*
which is supported by previously described findings*'**>° and
own observations (Villegas-Ospina et al, under review for
publication). Interestingly, CD38 can impair CD4-gp120 inter-
action, probably by decreasing HIV-1 binding and entry into
target cells,”™* whereas soluble CD38 peptides have been
studied as potential anti-HIV-1 strategies.>

On the other hand, we further hypothesized that
a potential conversion of cholecalciferol and calcidiol into
calcitriol might have occurred, possibly explaining the anti-
HIV-1 effects observed. Although, we did not measure
calcitriol levels directly, both 25-hydroxilase CYP27A1 and
la-hydroxylase CYP27B1 are expressed in PBMCs.*® Indeed,
we observed high mRNA expression levels of the VitD
activating /a-hydroxylase CYP27BI° before infection (after
PHA stimulation), comparable to its levels in LPS-stimulated
PBMCs, and reported as sufficiently high to allow calcidiol-to-
calcitriol conversion.’'=* Likewise, the VDR mRNA levels
were also increased postinfection after calcidiol treatment and
were positively correlated with those of CYP24A1 (Figs. 4C,
D), both being target genes of the VitD/VDR complex.*'3
Interestingly, other authors have reported a significant
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quantifiable calcidiol-to-calcitriol activation supporting the
anti-hepatitis C virus activity exhibited by calcidiol.” Alterna-
tively, a direct anti-HIV-1 effect particularly by calcidiol
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cannot be ruled out, since it is an agonistic VDR ligand with
direct gene regulatory and anti-proliferative properties,
although it is at least 100-fold less potent than calcitriol.****
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Next, we evaluated the expression of several antiviral
molecules downstream of the VitD/VDR pathway. Surprisingly,
calcidiol increased the antiprotease elafin (P/3) mRNA expres-
sion level postinfection, and the mRNA levels of APOBEC3G,
PI3, and ANG were positively correlated with those of VDR
(Fig. 5). It is known that APOBEC3G restricts HIV-1
replication by hypermutation of the viral genome™; elafin has
anti-HIV-1 and tissue repair properties,”’ angiogenin inhibits
HIV-1 replication in vitro, and is over-expressed in endocervical
mucosa of HIV-1-exposed uninfected individuals,**’ suggesting
an interesting VitD-modulated anti-HIV-1 axis. These results
support our previous findings that individuals who naturally
resist HIV-1 infection exhibit higher plasma levels of calcidiol
than healthy controls and have a higher mRNA expression level
of VDR in PBMCs and genital mucosa that correlates with the
production of antiviral peptides.'**° Likewise, calcidiol may
promote other anti-HIV-1 responses not observed in this study,
such as autophagy induced by the antimicrobial peptide
cathelicidin.*® Intriguingly, the increase of PI3 mRNA levels
seems to require both the calcidiol and the viral stimuli, whereas
APOBEC3G and TRIM22 mRNAs (TRIM22 is another HIV-1
restricting factor’®) were downregulated after infection, suggest-
ing that they were either inhibited by the virus or consumed for
protein production to block infection; however, a contrasting
unknown calcidiol effect cannot be ruled out. Interestingly,
except for PI3, these genes modulated by calcidiol were
predicted to have VDREs in their sequence analysis, partially
supporting our gene expression results.

Furthermore, calcidiol downregulates the CCR5S mRNA
level after infection, and its levels were positively correlated
with those of p24, suggesting that VitD could also decrease
infection by modulating the expression of this viral co-
receptor. A VitD-mediated decrease in CXCR4 expression
cannot be ruled out either, since the expression pathways of
both viral co-receptors seem to be linked,” and both genes
have putative VDREs in their promoters, somehow explain-
ing why cholecalciferol reduced the infection rates of
CD4"CD38"HLA-DR* and CD4"CD38 HLA-DR™* cells that
substantially express the CCR5 and CXCR4 co-receptors.*>>°
However, we did not measure the mRNA expression of this
co-receptor to confirm this possibility.

Unexpectedly, the mRNAs of the VitD-target genes
CYP24A1 and cathelicidin (CAMP)>'? were not upregulated
after calcidiol treatment, possibly due to the kinetics of gene
expression required to detect quantifiable levels® or to the
strong PHA stimulus that might have modified the expression
of several genes,®® possibly confounding the interpretation of
these results. In addition, the evident differences between the 2
experimental designs used here prevent us from unequivocally
concluding that the mechanisms behind anti-HIV-1 activity of
cholecalciferol and calcidiol are equivalent. Further evaluations
with a higher sample size, protein quantification, and using
gain- and loss-of-function approaches directed toward
CYP2741, CYP27B1, PI3, APOBEC3G, HLA-DR, CD38,
CCRS5, and CXCR4 are required to validate our results and to
thoroughly elucidate the role of VitD during HIV exposure.

Our results clearly show that precursors of VitD
inhibit HIV-1 infection and, although requiring confirma-
tion, the more likely mechanisms were the increase of

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

antiviral factors expression, the decrease of viral co-receptors
expression, and at least at higher cholecalciferol concentra-
tions, the promotion of a less proliferative HIV-1-restrictive
CD38*HLA-DR~ immunophenotype. Finally, our findings
provide evidence that VitD presents a potential use for the
development of preventive strategies during HIV-1 exposure.
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