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Abstract

Background

The immune system depends on effector pathways to eliminate invading pathogens from the
host in vivo. Macrophages (M®) of the innate immune system are armed with vitamin D-
dependent antimicrobial responses to kill intracellular microbes. However, how the physiolog-
ical levels of vitamin D during M® differentiation affect phenotype and function is unknown.

Methodology/principal

The human innate immune system consists of divergent M® subsets that serve distinct
functions in vivo. Both IL-15 and IL-10 induce M® differentiation, but IL-15 induces primary
human monocytes to differentiate into antimicrobial M® (IL-15 M®) that robustly express
the vitamin D pathway. However, how vitamin D status alters IL-15 M® phenotype and func-
tion is unknown. In this study, we found that adding 25-hydroxyvitamin D3 (25D3) during the
IL-15 induced differentiation of monocytes into M® increased the expression of the antimi-
crobial peptide cathelicidin, including both CAMP mRNA and the encoded protein cathelici-
din in a dose-dependent manner. The presence of physiological levels of 25D during
differentiation of IL-15 M® led to a significant vitamin D-dependent antimicrobial response
against intracellular Mycobacterium leprae but did not change the phenotype or phagocytic
function of these M®. These data suggest that activation of the vitamin D pathway during IL-
15 M@ differentiation augments the antimicrobial response against M. leprae infection.

Conclusions/significance

Our data demonstrates that the presence of vitamin D during M® differentiation bestows the
capacity to mount an antimicrobial response against M. leprae.
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Author summary

A key function of M® is to recognize, phagocytose and mount an antimicrobial response
against microbial pathogens to defend the host. In humans, monocytes are recruited to
the site of infection and differentiate into M® upon the onset of microbial infection. The
M® phenotype and function are determined by the cytokine profile of the microenviron-
ment in which the monocyte enters. Additionally, vitamin D is known to trigger direct
antimicrobial responses against invading pathogens in M®, but also disrupts the differen-
tiation of immune subsets within the myeloid lineage. Therefore, we investigated whether
vitamin D status during MO differentiation influenced either phenotype or function.
Here, we found that the IL-15 M®phenotype is sustained regardless of vitamin D status.
In contrast, antimicrobial M® differentiated in the presence of vitamin D exhibited a
robust expression of an antimicrobial peptide, relative to M® differentiated in the absence
of vitamin D. The antimicrobial M® armed with cathelicidin prior to M. leprae challenge
demonstrated a strong antimicrobial response against the invading pathogen. Our study
reveals that the presence of sufficient levels of vitamin D prior to microbial infection con-
tributes to effectively reduce the viability of the pathogen in M®.

Introduction

The MO is a sentinel of the innate immune system that serves as the first line of defense to recog-
nize and destroy invading microbes. In human M®, activation by a toll-like receptor 2/1 (TLR2/
1) ligand or interferon-y (IFN-y) triggers a direct antimicrobial response that depends upon the
level of available vitamin D [1-3]. The vitamin D-dependent antimicrobial pathway involves the
induction of IL-15 and IL-32, the conversion of 25D3 to bioactive 1,25-dihydroxyvitamin D
(1,25D3) and subsequent activation of the vitamin D receptor (VDR) to induce the expression
of the antimicrobial peptides including cathelicidin, autophagy and phagolysosomal fusion [2,
4-8]. This antimicrobial pathway is not induced in M® if the levels of 25D are not sufficient.

Macrophages demonstrate phenotypic heterogeneity which confer distinct functions in the
innate immune system [9]. IL-15 M®demonstrate a vitamin D-dependent antimicrobial pro-
file which includes the expression of CAMP mRNA [4, 10]. In contrast, primary human
monocytes treated with IL-10 differentiate into phagocytic macrophages (IL-10 M®), which
readily take up bacteria but weakly express the vitamin D-dependent antimicrobial pathway
[10]. These M® subtypes can be identified by a specific cell surface phenotype, both IL-15 M®
and IL-10 M® express CD209 but only IL-10 M® express CD163. As such, IL-15 M® and IL-
10 MO are differentially identified in the polar forms of leprosy caused by the intracellular bac-
terium M. leprae, correlating with the different outcomes of infection.

In addition to its role in M® antimicrobial function, vitamin D has long been recognized to
affect the differentiation of diverse cell types, including cells of the myeloid lineage [11]. Acti-
vation of the VDR converts malignant myeloid leukemia cells into non-proliferating mono-
cytes or M@ [12-15]. Dendritic cells differentiated in the presence of 25D3 or 1,25D3
demonstrate aberrant differentiation and decreased antigen presentation in vitro [16, 17]. MO
differentiated in vitamin D have also demonstrated a change in phenotype and phagocytic
function in vitro [15, 18]. Most of these studies were performed by adding non-physiological
concentrations of the bioactive form of 1,25D3, such that the ability of the differentiating cell
to utilize physiologic concentrations of 25D3 has not been substantially investigated. Although
controversy still exists on the normal concentrations of 25D, we used the Endocrine Society
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Clinical Practice Guidelines which define vitamin D deficiency as below 20ng/mL (50nM),
insufficiency as 21-29 ng/mL (52.5nM-72.5nM), sufficient levels as more that 30ng/mL
(75nM) [19]. In humans, 1,25D levels are regulated to be constant, such that the available level
of 25D determines the amount of bioactive 1,25D that is generated in an activated M® and is
therefore key to innate immune function [3]. Therefore, the aim of our work is to study the
effects of physiological levels of 25D3 during IL-15 M® differentiation, function and antimi-
crobial response against M. leprae.

Methods
Statistical analysis

Experiments with three or more measurements were analyzed using One Way ANOVA or
with Student-Newman-Keuls Method (*P<0.05, **P<0.01, ***P<0.005, ****P<0.001) for
pairwise analyses using GraphPad Prism 7 software. Error bars represent the standard error of
the mean between individual donor values. A two-tailed student’s t-test was used to compare
two different experimental conditions.

Ethics Statement

This study was conducted according to the principles expressed in the Declaration of Helsinki
and was approved by the Institutional Review Board (IRB) of the University of California at
Los Angeles (UCLA). Human peripheral blood from healthy donors was acquired with
informed consent (UCLA Institutional Review Board #11-001927). All adult subjects provided
written informed consent. Peripheral blood mononuclear cells (PBMCs) were isolated from
the blood of healthy donors using Ficoll-Paque (GE healthcare) and monocytes were purified
with plastic adherence as previously described [20].

Macrophage differentiation

Adherent monocytes were cultured in the presence of IL-15 (R&D Systems, 200ng/ml) or IL-
10 (R&D Systems, 10ng/ml) for 48 hours using Serum Free M® media (SFM) (Gibco) at 37°C
and 5% CO,. Cell phenotypes were consistent with previously published data [10].

Flow cytometry

The following antibody clones were used per manufacturers’ protocol for flow cytometry:
CD209 (DCN46), CD163 (GHI/61), CD16 (3G8), CD14 (M5E2), and CAMP/LL37/FALL39/
Cathelicidin Antibody (OSX12). Differentiated M®were harvested and stained as previously
described [1, 4, 5, 20].

Quantitative real-time PCR (qPCR)

RNA was harvested using TRIzol reagent (Life Technologies) via phenol-chloroform extrac-
tion, followed by RNA cleanup and DNase digestion using the RNeasy Miniprep Kit (Qiagen)
as previously described [21]. cDNA was synthesized using iScript cDNA synthesis kit (Bio-
Rad) and stored at -80°C. Primer sequences were used as follows: CYP27B1 F: ACC CGA
CAC GGA GAC CTT C, CYP27B1 R: ATG GTC AAC AGC GTG GAC AC; CAMP F: TGG
GCC TGG TGA TGC CT, CAMP R: CGA AGG ACA GCT TCC TTG TAG C H36B4 F: CCA
CGC TGC TGA ACA TGC T, H36B4 R: TCG AAC ACC TGC TGG ATG AC. Real-time PCR
was performed using SYBR Green (Kapa Biosystems) according to the manufacturers’ proto-
col. cDNA levels were normalized with H36B4 as the housekeeping gene. Relative CAMP
mRNA levels were normalized to IL-15 M® differentiated in the absence of vitamin D and
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shown as fold-change (FC). Relative CYP27B1 mRNA levels were normalized to IL-15 M®
baseline levels and shown as fold-change (FC) as previously described [1, 6, 10, 21].

Cathelicidin protein levels in IL-15 M® (microscopy)

Primary human monocytes were seeded onto chamber slides (BD falcon) and treated with IL-
15 with or without the presence of vitamin D. The cells were fixed and permeabilized using fix-
ation/permeabilization solution kit (BD Bioscience) as indicated by the manufacturer. Cells
were blocked with 10% human serum for 20 minutes and stained with CAMP/LL37/FALL39/
Cathelicidin Antibody (OSX12) antibody at 10ug/mL overnight. The monolayers were washed
three times with cold-PBS and stained with a biotinylated-horse anti-mouse antibody (Bio-
Rad) at 10pg/mL at room temperature for one-hour. The monolayers were washed again three
times with cold-PBS and stained with streptavidin-conjugated to Alexa Fluor 488 (Invitrogen)
protected from light as previously described [1, 5]. The cells were washed with PBS and sealed
with ProLong Gold antifade reagent with DAPI (Invitrogen). Microscopy images were ana-
lyzed with the SP8-SMD confocal microscope (Leica) at the Advanced Microscopy Laboratory
Macro-Scale Imaging Laboratory, California Nanosystems Institute, UCLA [22].

Cathelicidin protein levels in IL-15 M® (flow cytometry)

IL-15 M®were differentiated in the presence or absence of vitamin D in a 24-well tissue cul-
ture plate (Corning). The cells were harvested and fixed with 4% paraformaldehyde for 15
minutes at room temperature in a V-bottom plate (Corning). After fixation, the M® were per-
meabilized with 0.5% saponin (Sigma) in PBS and quickly washed with a series of PBS washes.
The cells were then stained using same staining protocol as described above. The cells were
acquired with a BD LSRII in the Janis V. Gorgi Flow Cytometry Core Laboratory at UCLA. All
analysis was done using Flow]Jo 10.4.2 software.

IL-15 M® phagocytosis (flow cytometry)

Cells were infected with PE-labeled M. leprae and harvested 24 hours post infection (PI). The cells
were blocked with 10% human serum for 20 minutes at room temperature and stained with an
anti-CD14 antibody as indicated by the manufacturer for 30 minutes on ice. The cells were then
fixed with 4% paraformaldehyde for 15 minutes and analyzed by flow cytometry as previously
described [4, 20]. The cells were acquired with a BD LSRII in the Janis V. Gorgi Flow Cytometry
Core Laboratory at UCLA. All analysis was done using Flow]Jo 10.4.2 software. The same samples
were also analyzed using IdEAS Software, ImageStream (Amnis) as explained below.

ImageStream

The ImageStreamX MarkII imaging flow cytometer from Amnis Corporation was used for
acquisition at 60X magnification. Anti-human CD14 antibody conjugated to PacBlue channel
1 was detected on the 405 nm laser at 30.00 mW, and PE labeled M. leprae channel 3 was
detected off the 488 nm laser set at 70.00 mW. Acquisition was set to collect 5000 objects from
the single cell population (Aspect Ratio Bright Field channel 4 vs. Area Bright Field channel 4).
Data was analyzed using the Amnis IDEAS software. A compensation matrix was first cre-
ated using single-stained CD14 labeled macrophages and PE calibrite beads (BD). Compen-
sated data was then applied to a template with a gating hierarchy. Focused cells were first
selected from the higher population of the Gradient RMS histogram; single cells were then
chosen using the same gating strategy applied during acquisition and lastly, PE and PacBlue
double positive cells were then applied to the Spot Count Wizard. Two populations containing
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10 or more cells, each expressing high or low values of spots (single PE labeled M. leprae bacte-
rium) were manually selected. The Spot Count Wizard has the ability to measure uptake and
count spots, thus providing individual bacterial counts per cell.

M. leprae and the assay of antimicrobial assay activity

IL-15 M®were differentiated with or without the indicated amount of 25D for 48 hours. The
M® were then infected with M. leprae overnight at an MOI of 10. The cells were washed with
SFM to remove extracellular bacteria and treated with IL-15 and the indicated amounts of
25D. The infection progressed for 24 hours, 48 hours and 120 hours and all the material in the
well was harvested into a 15mL conical tube. To ensure that all the material in the well was har-
vested, each well was washed with a series of cold PBS-EDTA washes and accumulated into
their respective 15mL conical tube. Each 15mL conical tube was placed into a centrifuge for
300xg for 10 mins at 4°C. The supernatants were carefully removed and the genomic DNA
was isolated as previously described [21, 23]. We compared RLEP DNA levels of M. leprae
with the H36B4 levels of the IL-15 M®to measure bacterial burden using real-time PCR using
SYBR Green as indicated by the manufacturer (Kapa Biosystems) [24, 25]. The following prim-
ers sequences were used: RLEP F: GCA GCA GTA TCG TGT TAG TGA A, RLEP R: CGC
TAG AAG GTT GCC GTA T; H36B4 F: CCA CGC TGC TGA ACA TGC T, H36B4 R: TCG
AAC ACCTGC TGG ATG AC. The bacteria burden at each time point was normalized to IL-
15 M@differentiated without vitamin D to quantify relative bacteria burden.

Results

MO phenotype is sustained in SFM independent of 25D3 status

To investigate the effect of 25D3 on M® differentiation, we used SEM, allowing us to control the
amount of 25D3 in the culture. SFM contains neither 25D3 nor any other vitamin D analogues,
such that 25D3 can be added at defined concentrations. Thus, SFM has an advantage over fetal
calf sera or human sera that have varying amounts of 25D3. Previously, IL-15 and IL-10 were
shown to induce the differentiation of monocytes into distinct M® populations, however, these
experiments were performed using FCS, which contains low levels of 25D3. Thus, it was unclear
whether vitamin D status affects the differentiation of monocytes into IL-15 M® and IL-10 M®.

All experiments here involve M®s derived from cytokine treated monocytes as previously
reported [10]. Monocytes were cultured with either IL-15 or IL-10 for 48 hours in SFM with or
without the addition of 25D3 (10®M 25D3). This is equivalent to the physiologic concentra-
tion in vitamin D sufficient serum of 10”M 25D3, which is then diluted to 10% serum in cell
cultures [1, 26]. Both IL-15 and IL-10 induced CD209 expression as assessed by flow cytome-
try, but only IL-10 induced CD163 expression (Fig 1A), similar to differentiation in FCS [10].
Examining co-expression of CD209 and CD163, we found that IL-15 induced CD209*CD163
M®, whereas IL-10 induced CD209"CD163" M®, accounting ~80% of cells. We also found
that the IL-15 M®and IL-10 M® derived in SFM express the M® specific marker CD16. The
average surface expression of CD16 increased in IL-15 M® when differentiated in 25D3 to
similar levels seen on IL-10 M®, but was not significant (p = 0.07). In addition, we observed
that 25D3 status did not significantly alter the surface expression of CD209, CD163, CD16 or
the coexpression of CD209"CD16" whether derived using IL-15 or IL-10 (Fig 1A). The fre-
quency of CD14 was expressed on IL-15 M®, with a small but significant enhancement by
25D3, to the level expressed on IL-10 M® (Fig 1 A). This was also reflected in an increase in cel-
lular abundance as measured by the change in mean fluorescence intensity (AMFI) for M®
derived in IL-15 but not IL-10 (Fig 1B). Overall, SEM supported the differentiation of
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Fig 1. Phenotype of IL-15 M® and IL-10 M differentiated in 25D3. A) IL-15 M® (left) or IL-10 M® (right) were
differentiated with or without the presence of 10®M 25D3 for 48 hours. Cells were stained with indicated markers and
analyzed by flow cytometry. Data is represented as average frequency (%) +/- SEM relative to isotype control (n = 3-4). B)
Data is represented as the change in mean fluorescence intensity of CD14 (CD14 AMFI) +/- SEM relative to isotype control

(n =4).*P<0.05, **P<0.01.
https://doi.org/10.1371/journal.pntd.0006608.9001

monocytes by IL-15 and IL-10 into divergent M® phenotypes, which were generally similar
whether differentiated in the presence or absence of 25D3.

25D3 status triggers vitamin D-dependent antimicrobial profile in IL-15

MO

Although 25D3 did not dramatically affect the differentiation of M® by phenotype, we next
investigated whether the presence of 25D3 during differentiation affected M® function. The
induction of the antimicrobial protein cathelicidin is essential for the vitamin D-dependent
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antimicrobial response against intracellular mycobacteria in infected M® [5, 27]. To deter-
mine whether 25D3 status during M® differentiation results in activation of the vitamin D-
dependent antimicrobial pathway, we treated monocytes with IL-15 and IL-10 in the presence
of increasing concentrations of 25D3 during differentiation and measured CAMP mRNA lev-
els after 48 hours by qPCR. Conditioning during differentiation of both IL-15 M® and IL-10
MO in SFM supplemented with increasing level of 25D3 resulted in a significant dose-depen-
dent induction of CAMP mRNA (Fig 2A). At all concentrations of 25D3, the CAMP mRNA
expression was more robust in IL-15 MO relative to IL-10 M®. We observed a ~315-fold
induction of CAMP mRNA in SFM supplemented with 10™®M 25D3 as compared to media
without 25D3 in IL-15 M®, and ~500-fold induction of CAMP mRNA in SEM containing 10°
"M 25D3 (Fig 2A). In comparison, we observed a ~80-fold induction of CAMP mRNA in SFM
containing 10*M 25D3 in IL-10 M® and a ~100-fold induction of CAMP mRNA in SEM con-
taining 10”M 25D3 (Fig 2A). The baseline values of CYP27B1 mRNA expression was not sig-
nificant between IL-15 M®and IL-10 M®(S1 Fig).

We determined whether the induction of CAMP mRNA was associated with expression of
cathelicidin protein using intracellular flow cytometry. The CAMP mRNA expression levels in
IL-15 M® correlated with both the frequency of cathelicidin and the cathelicidin protein abun-
dance as measured by AMFI (Fig 2B and 2C). The average frequency of cathelicidin was ~13%
in IL-15 M® derived in 10*M 25D3 and ~30% in 10’M 25D3 supplemented SEM (Fig 2B).
The AMFI was ~45 AU in IL-15 M® derived in 10’M 25D3 and ~80 AU in 10°*M 25D3 sup-
plemented SEM (Fig 2C).

Representative fluorescence microscopy images of IL-15 M® conditioned in 25D3 indicates
that cathelicidin protein accumulates in the intracellular vesicles proximal to the host nucleus,
but not in IL-15 M®differentiated in no 25D3 (Fig 2D). These data collectively indicate that
cathelicidin mRNA and protein expression directly correlate with 25D3 status during IL-15
induced M® differentiation.

Vitamin D status does not alter IL15-M®phagocytic function

An important function of antimicrobial M® is the phagocytosis of pathogens to contain
microbes in the host in vivo. However, it is unclear how vitamin D status may alter the phago-
cytic function of the M® during M. leprae infection. To assess phagocytic function, IL-15
M®were conditioned with or without 25D3, infected with PE labeled-M. leprae for 24 hours,
stained for the M® specific marker CD14 and phagocytosis was analyzed by flow cytometry
and image stream flow cytometry. The efficiency of M. leprae infection in IL-15 M®differen-
tiated in the absence of vitamin D or in the presence of either 10 M 25D3 or 107M 25D3, was
not statistically different, although somewhat greater in culture in which no 25D3 was present
(Fig 3A). Image stream flow cytometry analysis of the same samples demonstrated a frequency
of infection of CD14 "mLEP" cells ranging from 30%, 35%, to 25%, when conditioned with no
vitamin D, 10®M 25D3 or 10”’M 25D3, respectively (Fig 3B). Using an unsupervised spot
counting function of image stream flow cytometry, we determined the frequency of CD14"*
cells containing varying numbers of intracellular M. leprae and no effect of 25D3 was observed
(Fig 3C). Images from image flow cytometry analysis show the number of bacteria per M®
(Fig 3D). Cells that contained either 7 or 8 bacteria all showed large clumps of bacteria in
which were difficult to interpret as an accurate number of bacteria. Overall no significant dif-
ference was observed in the number of bacteria per cell. These data indicate that vitamin D sta-
tus does not alter the phagocytic capacity of IL-15 M.
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Fig 2. CAMP mRNA and cathelicidin protein expression in IL-15 M® is dependent on 25D3 status. A) IL-15
M®and IL-10 M® were differentiated in increasing concentrations of 25D3 (0 to 10”M) for 48 hours and CAMP
mRNA levels were determined by qPCR. Fold change was calculated relative to IL-15 M® differentiated in no 25D3.
Data is represented as average fold change +/- SEM (n = 4-7). B) The frequency (%) of cathelicidin protein expression
of IL-15 M® differentiated in increasing concentrations of 25D3 (0 to 10”’M) for 48 hours. Data is represented as
average frequency +/- SEM (n = 6) relative to isotype control. C) The change in cathelicidin mean fluorescence
intensity (cathelicidin AMFI) in IL-15 M® differentiated in increasing concentrations of 25D3 (0 to 107M) for 48
hours. The data is represented as the average cathelicidin AMFI +/- SEM (n = 6) relative to no 25D3. D) Monocytes
were treated with IL-15 in the presence of increasing concentrations of 25D3 (0 to 10”7M) for 48 hours. Cells were
harvested and stained with either an anti-cathelicidin antibody or IgG1 isotype control antibody and analyzed by
confocal microscopy. (Original magnification, 400x (top row)); (6.5x zoom of original magnification (bottom row)).
Scale bar = 5um. (n = 3) *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.

https://doi.org/10.1371/journal.pntd.0006608.g002
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Fig 3. IL-15 M® phagocytose M. leprae. IL-15 M were differentiat;ed in the presence of increasing concentrations of
25D3 (0 to 10”7M) for 48 hours and infected with PE-labeled M. leprae (mLEP) for 24 hours and analyzed with either A)
flow cytometry or B) image stream flow cytometry. Data is represented as average frequency of IL-15 M® that are positive
for both CD14 and mLEP +/- SEM relative to uninfected and isotype controls (n = 3). C) The number of CD14" IL-15 M®
that contained 1-8 bacteria was analyzed with an unsupervised spot counting function Ideas software. Data is represented
as an average number of CD14 'mLEP" for each bacterium count +/- SEM (n = 3). D) Representative microscopy images
from image stream flow cytometry analysis (1-6 bacteria per cell). Scale bar = 7um. (n = 3).

https://doi.org/10.1371/journal.pntd.0006608.9003

Vitamin D status in IL-15 MO triggers antimicrobial response against M.
leprae

After the phagocytosis of invading pathogens, a major function of M® is to effectively mount
an antimicrobial response to defend the host. However, it is unclear whether sufficient levels
of 25D3 will provide M® with the capacity to mount an antimicrobial response. To investigate
whether 25D3 status during M® differentiation affects the antimicrobial response, we simulta-
neously measured the kinetics of CAMP mRNA induction and antimicrobial activity against
M. leprae in IL-15 M®. IL-15 M® were conditioned with or without 25D3, infected with M.
leprae for 24, 48, and 120 hours, at which time both RNA and DNA were harvested.

The levels of CAMP mRNA in M. leprae infected IL-15 M® at 24 hours were relatively low
as compared to the previous experiments in which CAMP mRNA was measured in uninfected
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MO, to the extent that CAMP mRNA was not detectable in some donors at this time point.
However, the cathelicidin protein colocalized with M. leprae in IL-15 M®differentiated in
25D3, but not in IL-15 M®differentiated in no 25D3 24 hours post M. leprae infection (Fig
4A). The low level of CAMP mRNA expression was not different whether the M® were differ-
entiated in the presence or absence of 25D3 (Fig 4B). One possibility for the absence of CAMP
mRNA but presence of cathelicidin protein at 24 hrs post infection is that upon infection with
M. leprae the CAMP mRNA is downregulated yet the protein was already synthesized during
differentiation.

At 48 hours after M. leprae infection, CAMP mRNA expression was approximately 1000
fold in the IL-15 M® differentiated in 25D3, at either 10*M 25D3 or 10”’M 25D3 (Fig 4C). At
120-hours post infection, the relative CAMP mRNA remained significantly increased in the
M® differentiated in 25D3, approximately 200-330 fold greater than in M® differentiated in
the absence of 25D3 (Fig 4D).

The M. leprae burden was measured in the infected IL-15 M® according to the level of bac-
terial DNA. The M. leprae burden in infected IL-15 M® was not affected by the presence of
25D3 during differentiation as assessed at 24 or 48 hours (Fig 4E and 4F). In one of the five
donors, we noted a reduction in bacterial burden at 48 hours. However at 120 hours post infec-
tion the relative bacteria burden significantly decreased to 0.67 and 0.44 in IL-15 M® differen-
tiated in 10°®M and 10”M 25D3 compared to no 25D3, respectively (Fig 4G). The decrease in
viability of M. leprae at 120 hours was not due to differences in macrophage number, as
H36B4 levels remained constant. Antimicrobial activity against M. leprae was detected in IL-
15 M differentiated in 25D3 in all five donors. These data indicate that the presence of 25D3
during the IL-15 M® differentiation program and throughout M. leprae infection contributes
to the vitamin D-dependent antimicrobial response against by M. leprae.

Discussion

The ability of human M® to mount an effective response against intracellular mycobacteria
depends in part upon their ability to induce the vitamin D-dependent antimicrobial pathway
[1, 2, 5, 28]. Although sufficient levels of vitamin D are required for optimal M® effector func-
tion, previous studies have indicated that myeloid cell differentiation and function can be
altered by vitamin D bioavailability. Here, we investigated whether the level of 25D influences
M® differentiation and programming of an antimicrobial response against M. leprae. The dis-
tinct phenotypes of IL-15 M® and IL-10 M® were largely sustained during differentiation
from monocytes regardless of 25D3 status, yet onlyIL-15 M®differentiated in the presence
25D3 robustly triggered the expression of CAMP mRNA and cathelicidin protein levels in a
dose-dependent manner. Vitamin D status did not alter the phagocytic function of IL-15 M®,
but a significant decrease in bacteria burden against M. leprae was observed at 120 hours post-
infection. These data indicate that 25D3 status during IL-15 M®differentiation permits the
induction of an antimicrobial response against intracellular M. leprae.

It is important for the host to mount an antimicrobial response against intracellular myco-
bacteria before the bacteria employ evasion mechanisms that help establish infection and prog-
ress to clinical disease [22, 23]. A key finding of the present study was that the addition of
25D3 during the IL-15 induced differentiation of monocytes into M® led to a robust induction
of the vitamin D-dependent antimicrobial pathway, including the induction of cathelicidin
and an antimicrobial response against M. leprae. We detected a 315-fold induction of CAMP
mRNA in IL-15 M® differentiated in the presence 10°*M 25D3 as compared to SEM without
25D3 and a 1/3 reduction in the M. leprae burden in infected cells. Previously we have shown
that IL-15 M® supplemented with 10*M 25D3 post-differentiation demonstrated a 5-fold
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Fig 4. 25D3 status contributes to IL-15 M® antimicrobial response. A) Colocalization of M. leprae (mLEP = red) and cathelicidin

(CATH = green) 24 hours PI in IL-15 M®differentiated in the presence of 25D3 for 48 hours. (Original magnification, 400); (6.5x zoom of original
magnification). Scale bar = 5um. IL-15 M® were differentiated in increasing concentrations of 25D3 (0 to 10”’M) for 48 hours and infected with M.
leprae for B) 24 hours (n = 3), C) 48 hours (n = 5) or D) 120 hours (n = 5) and CAMP mRNA expression was assessed by qPCR. Data is represented
as the average fold change in CAMP mRNA +/- SEM relative to IL-15 M® differentiated in no 25D3. IL-15 M® were differentiated in increasing
concentrations of 25D3 (0 to 10”M) for 48 hours and infected with M. leprae for E) 24 hours (n = 3), F) 48 hours (n = 5) or G) 120 hours (n = 5) and
bacteria burden was assessed by qPCR. Data is represented as the average change in bacteria burden +/- SEM relative to IL-15 M® differentiated in
no 25D3. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.

https://doi.org/10.1371/journal.pntd.0006608.g004

increase in CAMP mRNA and a ~50% reduction in avirulent M. tuberculosis (H37ra) viability
[4]. However, these IL-15 M® were differentiated in 10% 25D insufficient FCS (16nM). These
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data collectively suggest that 25D levels during IL-15 M® differentiation facilitate their antimi-
crobial function as part of the innate immune response. There are situations that allow the
pathogen to escape the vitamin D antimicrobial response. For example, genetic polymor-
phisms in the VDR have been associated with increased susceptibility to mycobacterial infec-
tion [29]. M. leprae evades the vitamin D antimicrobial response via the induction of a
microRNA that targets the pathway [23], and by induction of type 1 interferon leading to IL-
10 and subsequent suppression of the vitamin D pathway [22]. These data imply that upon the
onset of microbial challenge, monocytes that are recruited to the site of infection are depen-
dent on the presence of sufficient levels of 25D to differentiate into powerful IL-15 M®that
fend of M. leprae evasion mechanisms and effectively reduce bacterial viability [1, 5, 30].

The addition of 25D3 during the IL-15 induced differentiation of monocytes into M®
affected antimicrobial function, but we observed little change in cell phenotype. Regardless if
the M® were differentiated with or without 25D3, we found that the distinct phenotypes of IL-
15 M® and IL-10 M® were largely not affected. In particular, the IL-15 M® were
CD209"CD163" and the IL-10 M® were CD209"CD163". Only IL-15 M® differentiated in
25D3 demonstrated both a significant increase in CD14 frequency and cellular abundance.
Although CD14 is a marker that identifies VDR-activated M®s [31], we have no evidence that
the differences in CD14 expression directly affected function as phagocytic capacity was not
affected. In contrast to our findings, the addition of 1,25D3 during differentiation of mono-
cytes into M® by macrophage colony-stimulating factor (M-CSF) decreased phagocytic func-
tion and the release of pro-inflammatory cytokines [18]. Similarly, the addition of 25D3 or
1,25D3 during differentiation of monocytes into dendritic cells by granulocyte-macrophage
colony-stimulating factor (GM-CSF) plus IL-4 decreased the expression of DC-specific surface
markers CD1a, CD80, CD86, and MHC class-II, as well as antigen presentation capacity [16,
17]. In these experiments the levels of 1,25D3 were supraphysiologic, although 25D3 was
added at physiologic levels. Taken together with our findings, these findings suggest that
although physiologic levels of 25D may alter the differentiation of DC, it permits M® differen-
tiation and enhances M® antimicrobial function.

In the present study we determined that clinically sufficient levels of 25D3 led to a func-
tional difference in IL-15 M®, relative to M® differentiated in the absence of 25D3. In
humans, there is a range of 25D levels that can be classified from deficient (45nM) to sufficient
(98nM) [2]. Previously, we compared the ability of African American sera and Caucasian sera
to induce the expression of the mRNAs encoding the antimicrobial peptides cathelicidin and
beta-defensin 2 and found that African American sera was less capable to induce the antimi-
crobial peptides ex vivo due to the relatively lower 25D sera levels [1, 2]. Both exogenous 25D
supplementation to African American sera ex vivo and 25D supplementation to vitamin D
deficient individuals in vivo significantly enhanced CAMP mRNA expression in activated
monocytes and M® in vitro [1, 2, 32].

Our data suggest that people with higher levels of vitamin D will derive M® with more anti-
microbial function that could prevent the establishment of infection; however, testing the
effects of vitamin D status on the prevention of infection by M. tuberculosis is challenging. The
ability to acquire a large enough population with differential 25D levels randomly will be diffi-
cult as 25D status strongly correlates with season [33], as such there are few studies that investi-
gate the interaction of 25D status with infection by the pathogen. Deficient levels of 25D in
household contacts of TB patients demonstrated either increased latent TB incidence or posi-
tive tuberculoid skin tests [33, 34]; however the number of patients that acquire active TB is
unclear [35-37]. These data support continued and more thorough investigation into whether
vitamin D supplementation of deficient and insufficient individuals in vivo can enhance the
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M® antimicrobial response against mycobacterial infections and contain the spread and out-
come of disease.

In conclusion, we found that vitamin D-dependent antimicrobial M® differentiated in the
presence of sufficient levels of 25D3 sustain a M® phenotype and exhibit an antimicrobial
response against M. leprae. Our model indicates that vitamin D-dependent antimicrobial M®
differentiated in the presence of sufficient 25D are capable of intrinsic microbicidal activity
against infection. In contrast, the same M® differentiated in the low levels of 25D require the
addition of exogenous 25D to induce activity [1, 2, 5, 32]. These data suggest that sufficient lev-
els of 25D at the site of microbial infection allow recruited monocytes to differentiate into vita-
min D-dependent antimicrobial M® with the capacity to effectively reduce the viability of
intracellular bacteria. Future clinical trials that study the relationship between vitamin D sup-
plementation and susceptibility to microbial infection will determine if the prophylactic effects
of vitamin D are therapeutically beneficial.

Supporting information

S1 Fig. CYP27B1 mRNA expression in IL-15 M® and IL-10 M®. Primary human monocytes
were treated with either IL-15 or IL-10 for 48 hours in SEM. No significant difference is
observed between CYP27B1 mRNA expression levels between IL-15 M® and IL-10 M®.

(TIF)
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